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I t  h a s  b e e n  known f o r  a lm o s t  h a l f  a m il le n lu m  t h a t  
r e a c t i o n s  o c c u r  when s i l v e r  n i t r a t e  s o l u t i o n s  a r e  p la c e d  in  
c o n t a c t  w i th  c h e m ic a l e le m e n ts .  HSie o l d e s t  r e c o rd e d  m e n tio n  
o f  r e a c t i o n  w h ich  w as fo u n d  was made by F . E ck de S u l tz b a c h  
i n  1 4 8 9 He d e s c r ib e d  a r b o r e s c e n t  g ro w th s  o f  s i l v e r  p l a t e ­
l e t s  fo rm ed by  th e  a c t i o n  o f  m e t a l l i c  m e rc u ry  upon aq u eo u s 
s i l v e r  n i t r a t e .  W ith in  th e  n e x t  one h u n d red  y e a r s  th e  s i l v e r  
th u s  p ro d u ced  became c a l l e d  " a r b o r  D iansa" ( D ia n a 's  t r e e )  and 
i s  d e s c r ib e d  a s  su c h  in  J .  5 .  P o r t a 's  "M agla N a t u r a l i s " ,  
p u b l is h e d  i n  N ap le s  i n  1558 .
A lth o u g h  a l a r g e  am ount o f  w ork  h a s  b e e n  done on th e  
aq u eo u s r e a c t i o n s  o f  th e  c h e m ic a l e le m e n ts  w i th  s i l v e r  n i t r a t e  
s in c e  t h a t  t im e ,  m odern l a b o r a to r y  te c h n iq u e s  have  l a r g e l y  
r e l e g a t e d  them  t o  th e  r o l e  o f  a c h e m ic a l c u r i o s i t y .  P ro b a b ly  
th e  b e s t  known r e a c t i o n  o f  t h i s  ty p e ,  to d a y ,  i s  th e  " C h r i s t ­
mas t r e e "  r e a c t i o n  p ro d u ced  b y  th e  a c t i o n  o f  aq u eo u s  s i l v e r  
n i t r a t e  on a sh ap e  f a b r i c a t e d  from  c o p p e r  f o i l  o r  w i r e .  Whan 
th e  s o l u t i o n  i s  p la c e d  i n  c o n t a c t  w i th  th e  m e ta l ,  th e  c o p p e r  
f o i l  becom es c o a te d  w i th  s i l v e r  p l a t e s  and w h is k e r s .  The 
s o l u t i o n ,  a t  th e  same t im e ,  becom es b lu e  due t o  th e  fo rm a tio n  
o f  c u p r ic  n i t r a t e .  The o v e r a l l  r e a c t i o n  w h ich  o c c u rs  i s 3
2AgN0^ + Gu + xH20 = Cu (N 0^)2*xH2 0 + 2A g l
2S im i la r  r e a c t i o n s ,  em p loy ing  o th e r  e le m e n ts ,  have 
b een  e x t e n s iv e ly  s tu d ie d  in  w a te r  s o lv e n t  b u t  v e ry  l i t t l e  
w ork h a s  b een  done on th e  c o r r e s p o n d in g  r e a c t i o n s  i n  noi>- 
aq u eo u s s o l v e n t s .  In  g e n e r a l ,  th e  r e a c t i o n  b etw een  s i l v e r  
n i t r a t e  and a m e ta l  may be g iv e n  a s :
xAgN03  + M e ta l > M etal(N 03 )x  + xAg* .
T h is  ty p e  o f r e a c t i o n  w ould a p p e a r  t o  have u n iq u e  v a lu e  a s  
a r a p i d ,  c o n v e n ie n t m ethod f o r  p r e p a r in g  an h y d ro u s  n i t r a t e s  
d i r e c t l y  i n  th e  non^aqueous s o lv e n t .  Removal o f  th e  p re ­
c i p i t a t e d  s i l v e r  w ould le a v e  th e  n i t r a t e  s o l u t i o n  a v a i l a b l e  
f o r  o th e r  u s e s .
P ro d u c t io n  o f  th e  an h y d ro u s n i t r a t e  " i n  s i t u "  i s  
v e ry  d e s i r a b l e  f o r  s e v e r a l  r e a s o n s .  The p r i n c i p a l  r e a s o n  i s  
t h a t  r e l a t i v e l y  few  m e t a l l i c  n i t r a t e s  a re  c o m m e rc ia lly  a v a i l ­
a b le  i n  th e  an h y d ro u s  s t a t e .  I t  i s  a l s o  w e l l  known t h a t  de­
h y d r a t io n  o f  th e  c o r re s p o n d in g  h y d ra te d  n i t r a t e  i s  u s u a l ly
n o t  s u c c e s s f u l .  F o r  ex am p le , th e  d e h y d ra t io n  o f h e x a a q u o -
3
c o b a l t ( I I )  n i t r a t e  h a s  b e e n  s tu d i e d .  The f i r s t  t r a n s i t i o n  
o c c u rs  a t  5# * 5°C . and c a n  be r e p r e s e n te d  by th e  e q u a t io n :
Co(N03 ) 2 -6H2 0 > Co(N03 ) 2 . 3 H2°  + 3H20 t  .
The t r i h y d r a t e  m e l ts  a t  91°C . and decom poses a t  h ig h e r  te m p er­
a t u r e s  t o  g iv e  c o b a l t ( U , I I I )  o x id e  a s  th e  s o l i d  p r o d u c t .  The 
o v e r a l l  d ry in g  p ro c e s s  c a n  th u s  be r e p r e s e n te d  by th e  e q u a t io n :
3Co(N03 )2 »6H20 ■ ^  CojO]  ^ + + 16H2oT •
3D e h y d ra t io n  o f  o t h e r  h y d r a te d  t r a n s i t i o n  m e ta l  n i t r a t e s  
u s u a l l y  l e a d s  t o  s i m i l a r  d e g r a d a t io n s .
A nhydrous m e ta l  n i t r a t e s  h av e  b e e n  made by  s e v e r a l  
t e c h n iq u e s  i n  th e  l a s t  d e c a d e . The p r o c e s s e s  a r e ,  h o w ev e r, 
g e n e r a l l y  d i f f i c u l t ,  l e n g th y ,  and in v o lv e  th e  u se  o f  l a r g e  
q u a n t i t i e s  o f  t o x i c  r e a g e n t s .  A b r i e f  c o n s i d e r a t i o n  o f th e  
mode o f  p r e p a r a t i o n  o f  a few  o f  th e s e  a n h y d ro u s  n i t r a t e s  w i l l  
s e rv e  t o  i l l u s t r a t e  th e  n a t u r e  o f  th e  p r o c e s s e s  u s e d .
C. C. A d d iso n  and c o w o rk e rs  h av e  p r e p a r e d  a s e r i e s  o f
h cL cl
a n h y d ro u s  n i t r a t e s  in c lu d in g  C u(N 0^)2 ,  Be(N0^>2 ,  M g(N0^)2 , 
and a num ber o f  o t h e r  n i t r a t e s  b y  v a r i a t i o n s  o f  th e  f o l lo w in g  
p r o c e d u r e .
1 .  The d ry  m e ta l  o r  m e ta l  s a l t  w as su sp e n d ed  i n  
e t h y l  a c e t a t e  c o n ta in in g  d i s s o lv e d  d i n i t r o g e n  
t e t r o x i d e .
2 .  R e a c t io n  w as a l lo w e d  t o  p ro c e e d  u n t i l  th e  m e ta l  
o r  m e ta l  s a l t  w as c o m p le te ly  r e a c t e d ,  w hen a n  
i n s o l u b l e  a d d u c t  o f  th e  g e n e r a l  ty p e  m(N0 ^ ) 2 *xN2 0 ^  
p r e c i p i t a t e d .  The p r e c i p i t a t e  w as f r e e d  from  th e  
e x c e s s  s o lv e n t  by f i l t r a t i o n .
3* The d l n i t r o g e n  t e t r o x i d e  a d d u o t w as th e x m a l ly  
decom posed t o  fo rm  th e  a n h y d ro u s  n i t r a t e .
M(N03 ) 2 .x N 20^ — — t>M(H0 3 ) 2 +  *
The i n t e r m e d ia t e s  and  f i n a l  p r o d u c ts  w ere  v e r y  h y g ro s c o p ic  
and r e q u i r e d  th e  u s e  o f  d ry  b o x e s  f o r  a l l  h a n d l in g  s t e p s .
V ery r e c e n t l y ,  B . 0 . F ie ld  and C. J .  H ardy^ p re p a re d  
NbO(NO^)^ by th e  r e a c t i o n  o f  n i t r o g e n ( V )  o x id e  on n iob ium (V ) 
c h l o r id e  a t  3 0 ° C. The r e a c t i o n  was p o s tu l a t e d  a s  i n  th e  
e q u a t io n  b e lo w .
NbCl^ + Nb0(N03 ) 3 + 5N02 C11
The n i t r o g e n (V )  o x id e  u sed  i n  th e  s y n th e s i s  was p re p a re d  by 
th e  d e h y d r a t io n  o f  an h y d ro u s  n i t r i c  a c id  w i th  p h o sp h o ru s(V ) 
o x id e .
A s e r i e s  o f  d ln l t r o g e n  t e t r o x i d e  a d d u c ts  h a s  b ee n  
p re p a re d  by r e a c t i n g  m e ta l  o x id e s  w i th  N02 - * 2 °l4. e q u i l ib r iu m  
m ix tu re s  a t  85°C . (V apor p r e s s u r e  o f  th e  N02- f l2 0j^ e q u i l i ­
b rium  m ix tu re  a t  t h i s  te m p e ra tu re  i s  a b o u t llj. .5  a tm o s p h e re s .)  
Among th e  s a l t s  p re p a re d  by  t h i s  te c h n iq u e  a r e  Zn(N03 )2 *
2N2 0 ^ , Cu(H03 ) 2 .N2 04  and Hg(N03 )2 *2N2 0^ .  O th e r  s a l t s  p r e ­
p a re d  by somewhat s i m i l a r  te c h n iq u e s  in c lu d e  U0 2 (N03 ) 2 *N2 0^ ,  
Zn(N03 ) 2 - 2N2 0^ 9 , Co(N03 ) 2 *2N2 0^ 9 , and M g t N O ^ - ^ O ^ .
I t  i s  q u i t e  e v id e n t  t h a t  th e  modes o f  p r e p a r a t i o n  
o u t l i n e d  above a r e  n o t  s im p le ,  r a p id  p ro c e d u r e s .  A s y s te m a t ic  
s tu d y  o f  th e  d is p la c e m e n t r e a c t i o n s  o f  s i l v e r  n i t r a t e  w i th  
th e  e le m e n ts  m ig h t ,  h o w ev er, le a d  t o  a m ethod o f  p ro d u c in g  
s o l u t i o n s  o f  th e  an h y d ro u s  n i t r a t e s .
No r e a l l y  s y s te m a t ic  s tu d y  o f  th e  d is p la c e m e n t r e a c ­
t i o n s  o f  s i l v e r  n i t r a t e ,  i n  n o n -aq u eo u s  s o l v e n t s ,  h a s  b een
10a t te m p te d  s in c e  N. ¥ .  F i s c h e r  s tu d ie d  th e  r e a c t i o n s  i n  b o th  
w a te r  and " a lc o h o l"  ( e th a n o l  o f  unknown w a te r  c o n t e n t ) .  Un­
f o r t u n a t e l y ,  F i s c h e r 's  m a n u s c r ip t  i s  n o t  g e n e r a l l y  a v a i l a b l e
5so  t h a t  a l l  t h a t  c a n  be s a id  o f  t h i s  w ork  i s  t h a t  l e a d ,  z i n c ,  
cadm ium , m e rc u ry , t i n ,  i r o n ,  c o p p e r ,  b is m u th , and a r s e n i c  
p ro d u ced  m e t a l l i c  s i l v e r .  L ead  and t i n  w ere r e p o r t e d  t o  g iv e  
o n ly  s u p e r f i c i a l  r e a c t i o n s  and i r o n  gave no  r e a c t i o n  i f  k e p t  
in  a v e s s e l  f r e e  from  a tm o s p h e r ic  o x ygen .
Gruntz and M a r t i n ^  s tu d ie d  th e  r e a c t i o n s  o f  s i l v e r
n i t r a t e  i n  a c e to n e  and b e n z o n i t r i l e . C opper and s i l v e r
n i t r a t e  r e a c te d  q u a n t i t a t i v e l y  in  a c e to n e  t o  g iv e  a s o l u t i o n
o f  c u p r ic  n i t r a t e  and a p r e c i p i t a t e  o f  m e t a l l i c  s i l v e r .  When
th e  s o l u t i o n  was e v a p o r a te d ,  u n d e r  vacuum , i t  f i r s t  became
v i s c i d ,  e v o lv e d  NO2  and th e n  d e to n a te d .  C r y s t a l l i n e  5 Cu(N0^>2 *
o^(C H ^^C O  w as i s o l a t e d  by th e  a d d i t i o n  o f  e t h e r  a t  —28 C.
W ith  m an g an ese , hn(W O j)^ was c la im e d  t o  fo rm  b u t  waa n o t  i s o ­
l a t e d .  C r y s t a l l i n e  compounds h a v in g  th e  fo rm u la e  2Kn(N0^)£* 
C^H^CN and liCulW O^^'C^H^CN w ere I s o l a t e d  from  b e n z o n i t r i l e .
i pK. H. M organ'1' h a s  u sed  th e  d is p la c e m e n t  te c h n iq u e  
t o  s y n th e s iz e  a compound i n  a c e t o n i t r i l e .  D i r e c t  r e a c t i o n  
b e tw e e n  s i l v e r  n i t r a t e  and c o p p e r  pow der, i n  t h i s  s o l v e n t ,  
y i e ld e d  c o l o r l e s s ,  s o lu b le  CuHO^*i|.CH^CN w h ich  c o u ld  b e  r e ­
co v e re d  in  th e  c r y s t a l l i n e  fo rm  by e v a p o r a t io n  o f  th e  s o lv e n t  
u n d e r  re d u c e d  p r e s s u r e .  S e v e r a l  a t te m p ts  w ere  made t o  r e ­
move th e  c o o r d in a te d  s o lv e n t  m o le c u le s  fro m  th e  c o p p e r ( I )  
n i t r a t e  b u t  a lw a y s  r e s u l t e d  I n  th e  p r o d u c t io n  o f  g r e e n  m a t e r i ­
a l s  c o n ta in in g  d i v a l e n t  c o p p e r .  M organ d e m o n s tra te d  t h a t  i t  
w as p o s s i b l e  t o  c a l c u l a t e  th e  s to ic h io m e tr y  o f  th e  r e a c t i o n  
by w e ig h in g  th e  r e a c t a n t s  and p r o d u c t  s i l v e r .  U s in g  t h i s  
m e th o d , h e  o b ta in e d  a r a t i o  o f  c o p p e r  d i s s o lv e d  t o  s i l v e r
p r e c i p i t a t e d  o f  1 .0 0 0 .
The r e a c t i o n s  o f  s i l v e r  s a l t s  w i th  h a lo g e n s  have been
13r a t h e r  e x t e n s i v e l y  i n v e s t i g a t e d .  A l l  th e  r e a c t i o n s  w hich  
o c c u r re d  co u ld  be fo rm u la te d  on th e  b a s i s  o f  i o n i z a t i o n  o f  
th e  h a lo g e n  i n  th e  non-tiqueous s o lv e n t  fo l lo w e d  by p r e c i p i t a ­
t i o n  o f  th e  s i l v e r  h a l i d e .  The s a l t  o f  th e  p o s i t i v e  h a lo g e n  
was th e n  c h a r a c t e r i z e d  by i t s  a b i l i t y  t o  add a c r o s s  o rg a n ic  
u n s a t u r a t i o n .  F o r  exam ple , th e  r e a c t i o n  o f  s i l v e r  n i t r a t e  
w i t h  io d in e  co u ld  be fo rm u la te d  a s :
AgNO^ + I 2 INO^ ( i n  s o l u t i o n )  + A g l i
None o f  th e  s a l t s  o f  th e  p o s i t i v e  h a lo g e n  was i s o l a t e d  from  
th e  s o l u t i o n .
The p u rp o se  o f  t h i s  t h e s i s  i s  t o  a s c e r t a i n  w h e th e r  
d is p la c e m e n t  r e a c t i o n s  ca n  be employed t o  s y n th e s iz e  new in ­
o rg a n ic  compounds from  anhydrous  m e th a n o l .  The a d v a n ta g e s  
o f  such  a s y n t h e t i c  r o u t e  would be tw o fo ld .  S i l v e r  n i t r a t e  
i s  r e a d i l y  a v a i l a b l e  i n  th e  anhydrous  fo rm . I f  th e  s y n t h e t i c  
method i s  g e n e r a l l y  a p p l i c a b l e  i t  m ig h t  be a u s e f u l  way t o  
g e n e r a te  c o m p le te ly  anhydrous  n i t r a t e s  d i r e c t l y  i n  th e  d e s i r e d  
o rg a n ic  s o l v e n t .  I t  may a l s o  be p o s s i b l e  t o  p r e p a r e  compounds 
h a v in g  o x id a t i o n  s t a t e s  n o t  p o s s i b l e  i n  th e  p re s e n c e  o f  w a te r .
I n  v iew  o f  th e  g e n e r a l  i n t e r e s t  i n  th e  s y n t h e s i s  o f
in o r g a n ic  f l u o r i d e s  i n  t h i s  l a b o r a t o r y  i t  would be v e ry  de—
a i r a b l e  t o  a s c e r t a i n  w h e th e r  t h i s  method o f  r e a g e n t  s y n t h e s i s
c a n  be u sed  a s  an  a l t e r n a t e  t o  th e  method in v o lv in g  th e  use
o f  m e ta l s  and e l e m e n ta l  b ro m in e .1^  I t  may a l s o  be p o s s i b l e  t o  
s y n th e s i z e  o t h e r  compounds by t h i s  m ethod .
7CHAPTER I
QUALITATIVE SURVEY
A lth o u g h  t h e r e  h a v e  b e e n  r e p o r t s  o f  s t u d i e s  o f  th e  r e a c t i o n s  
o f  s l i v e r  n i t r a t e  w i th  th e  c h e m ic a l  e le m e n ts  I n  n o n -a q u e o u s  
s o l v e n t s ,  m o st o f  th e  w o rk  w as p e r fo rm e d  p r i o r  t o  1 9 0 0 . Of 
n e c e s s i t y ,  t h e  s t u d i e s  w ere  l i m i t e d  t o  t h e  com m oner m e ta l s  
w h ic h  w ere  a v a i l a b l e  a t  th e  t im e .  S p e c i f i c a l l y ,  i t  w as n o t  
known w h e th e r  s i l v e r  n i t r a t e  w ould  r e a c t  w i th  o t h e r  m e ta l s  
o r  i f  th e  r e a c t i v i t y  w as l i m i t e d  t o  th e  e le m e n ts  p r e v i o u s l y  
s t u d i e d .
As a f i r s t  t e s t  o f  r e a c t i v i t y  a r e p r e s e n t a t i v e  s e t  
o f  e le m e n ts  w as s e l e c t e d  f o r  q u a l i t a t i v e  s t u d y .  The e le m e n ts  
em ployed  a r e  c i r c l e d  i n  t h e  p e r i o d i c  c h a r t  show n b e lo w .
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A* R e a c t io n s  o f  E le m e n ts  w i th  S i l v e r  N i t r a t e  i n  M e th an o l 
The r e a c t i v i t y  o f  s i l v e r  n i t r a t e  i n  m e th a n o l ,  w i th  
th e  r e p r e s e n t a t i v e  e l e m e n ts ,  w as t e s t e d  by  im m ers in g  a b o u t  
0 . 0 5  gram  sa m p le s  o f  th e  m e ta l  i n  a 2  m l p o r t i o n  o f  a s to c k  
s o l u t i o n  o f  r e a g e n t  g ra d e  s i l v e r  n i t r a t e  ( 2  g ra m s)  i n
8anhydrous m e thano l (100 m l) c o n ta in e d  i n  a s to p p e re d ,  3 ml 
t e s t  tu b e .  The c o n te n t s  were a g i t a t e d  and a l lo w ed  t o  s ta n d  
f o r  24 h o u r s .
The c o n te n t s  o f  th e  t e s t  tu b e s  w ere th e n  in s p e c te d  
f o r  e v id e n c e  o f  r e a c t i v i t y  such  a s  c o l o r  fo rm a t io n  o r  p re ­
sence  o f  s i l v e r  n e e d le s .  The c l e a r  s o l u t i o n s  were s e p a r a te d  
from th e  s o l i d s  by d e c a n t a t l o n  and added t o  an  e q u a l  volume 
o f  2% ammonium f l u o r i d e  i n  m e th a n o l .  A c o n t r o l  ex p e r im e n t 
i n d i c a t e d  t h a t  s i l v e r  n i t r a t e  gave no p r e c i p i t a t e  w i th  ammo­
nium f l u o r i d e  u n d e r  th e s e  c o n d i t i o n s .
R e s u l t s  o f  th e  su rv e y  a r e  g iv e n  i n  Table I .  The 
ap p e a ran c e  o f  b o th  th e  s o l u t i o n  and th e  s o l i d  r e s id u e  a re  
t a b u l a t e d .  No a t t e m p t  was made t o  e x c lu d e  w a te r  c o m p le te ly  
b u t  th e  e lem e n ts  w ere p r e d r i e d  f o r  43 h o u r s ,  i n  a d e s i c c a t o r ,  
o v e r  " D r i e r i t e " .
I t  was a p p a re n t  t h a t  s i l v e r  n i t r a t e  r e a c t e d  w i th  
many o f  th e  e le m e n ts  used i n  th e  p r e l im in a r y  s u rv e y .  As a 
r e s u l t ,  th e  t e s t i n g  was e x ten d ed  t o  many o t h e r  e le m e n ts .
Gras was ev o lv e d  in  some o f  th e  r e a c t i o n s ,  so  th e  t e s t  p ro c e d u re  
was s l i g h t l y  m o d i f ie d .
T e s t s  were p erfo rm ed  by m ix in g  10 ml m e th a n o l ,  0 .1  gram 
o f  s i l v e r  n i t r a t e  and 0 .1  gram o f  th e  e lem e n t i n  a 25 m l, g l a s s  
s to p p e re d  v o lu m e tr ic  f l a s k .  The j o i n t  be tw een  th e  f l a s k  and 
s to p p e r  was l u b r i c a t e d  w i th  a t h i n  f i l m  o f  "K e l-F 11 g r e a s e  and 
th e  f l a s k s  w ere s to r e d  f o r  s e v e r a l  days w i th  i n t e r m i t t e n t  
s h a k in g .
The v o lu m e t r le  f l a s k  was i d e a l l y  s u i t e d  t o  th e s e  t e s t s
9T a b le  I
R e s u l t s  o f  P r e l i m i n a r y  S u rv e y :  E le m e n ts  and  S i l v e r  N i t r a t e
i n  M e th a n o l
E le m e n t A p p e a ra n c e  a f t e r  24  h o u r s  
ad d ed
_ _ _ _ _ _ _  S o l u t i o n  P r e c i p i t a t e
Sb c o l o r l e s s
B i c o l o r l e s s
Cd c o l o r l e s s
Co p a l e  l i l a c
Cu p a l e  g r e e n
Fe v e r y  p a l e
y e l lo w  ( ? )
Pb c o l o r l e s s
Mn p a l e  f l e s h
( y e l lo w  ? )
N i v e r y  p a l e
y e l lo w
Sn c o l o r l e s s
V g r e e n
Zn c o l o r l e s s
I  r e d
s o l u t i o n
S y e l lo w
s o l u t i o n
Mg c o l o r l e s s
Ag n e e d l e s  fo rm ed
Ag n e e d le s  fo rm ed
Cd c o lo r e d  b row n  
Ag n e e d le s  fo rm ed
Co c o a te d  w i t h  
f i l m
Ag n e e d le s  f o z n e d  
no  a p p a r e n t  ch a n g e
h e a v y  c o a t  o f  
Ag n e e d l e s  fo rm e d
Ag n e e d l e s  foxm ed
n o  ch a n g e  
a p p a r e n t
Sn c o l o r e d  b ro w n  
Ag n e e d l e s  fo rm ed
Ag n e e d l e s  fo rm ed
A g l fo rm ed  
( v e r y  f a s t )
B la c k
p r e c i p i t a t e  fo rm e d  
Mg p l a t e d  w i t h  Ag
R e a c t io n  o f  
s o l u t i o n  w i t h  NHiF 
i n  m e th a n o l  ^
n o  r e a c t i o n  
w h i te  p r e c i p i t a t e  
w h i te  p r e c i p i t a t e
p a l e  p in k  
p r e c i p i t a t e
g re e n  p r e c i p i t a t e
v e r y  s m a l l  am ount 
p a l e  p r e c i p i t a t e
w h i te  p r e c i p i t a t e  
p a l e  p r e o l p l t a t e  
p a l e  c lo u d  fo rm e d
b la c k  p r e c i p i t a t e
p a l e  g r e e n  
p r e c i p i t a t e
w h i te  p r e c i p i t a t e
n o t  t e s t e d
n o t  t e s t e d
w h i te  p r e c i p i t a t e
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b e c a u se  th e  s t o p p e r  h a s  a v e ry  s h o r t  b e a r i n g  s u r f a c e  ( a p p r o x i ­
m a te ly  10 mm). As a r e s u l t ,  i f  l a r g e  am ounts o f  g a s  w ere 
ev o lv ed  i n  th e  c o u r s e  o f  th e  t e s t ,  th e  s e a l  was f o r c e d  w i th o u t  
g r e a t  v i o l e n c e .  Thus, a s im p le  i n s p e c t i o n  o f  th e  c o n d i t i o n  
o f  th e  g r e a s e  s e a l  gave  a r a p id  c h e c k  on p o s s i b l e  g a s  e v o l u t i o n .
R e s u l t s  o f  th e  t e s t s  a r e  summ arized i n  T able  I I .  Al­
th o u g h  th e  n a t u r e  o f  th e  r e a c t i o n s  v a r i e d  w id e ly ,  i t  was e v i ­
d e n t  t h a t  m ost o f  th e  e le m e n ts  t e s t e d  d id  r e a c t  i n  some m anner.
B. R e a c t io n s  o f  S i l v e r  N i t r a t e  in  O th e r  S o lv e n ts
I t  was n o t  kncwn w h e th e r  th e  r e a c t i v i t y  o f  s i l v e r  
n i t r a t e  w i th  th e  e le m e n ts  was l i m i t e d  to  w a te r  and m e th a n o l  
o r  i f  th e  r e a c t i o n s  c o u ld  be c a r r i e d  o u t  i n  any non—aqueous 
s o l v e n t .  Q u a l i t a t i v e  t e s t s  w ere p e rfo rm ed  i n  some r e p r e s e n t a ­
t i v e  o rg a n ic  s o l v e n t s  t o  s e e  i f  th e  r e a c t i o n s  o c c u r re d  and t o  
a s c e r t a i n  w h e th e r  a n o t h e r  s o l v e n t  m ig h t  be more s u i t a b l e  f o r  
q u a n t i t a t i v e  s tu d y .  R e s u l t s  o f  t h e s e  t e s t s  a r e  g iv e n  i n  T able 
I I I .
R e a c tio n s  o c c u r r e d ,  t o  some e x t e n t ,  i n  a l l  th e  s o l ­
v e n ts  t e s t e d  w i th  th e  p o s s ib le  e x c e p t io n  o f  c a rb o n  t e t r a c h l o ­
r i d e .  I n  c a rb o n  t e t r a c h l o r i d e  s o lv e n t  th e  r e s u l t s  w ere some­
w hat am b ig u o u s. T here a p p e a re d  t o  be some r e a c t i o n  b e tw een  
s i l v e r  n i t r a t e  and c o p p e r  and s i l v e r  n i t r a t e  and b is m u th , b u t  
d ry  m ix tu re s  o f  th e s e  e le m e n ts ,  w i th  s i l v e r  n i t r a t e ,  a l s o  
r e a c te d  s lo w ly  a t  25°C . ev e n  i f  no s o lv e n t  was p r e s e n t .  The 
r e a c t i o n s  i n  c a rb o n  t e t r a c h l o r i d e  w ere so  slow  t h a t  i t  was 
n o t  p o s s i b le  t o  d e c id e  w h e th e r  th e  s o lv e n t  a id e d  th e  r e a c t i o n s
T ab le  I I
R e s u l t s  o f  Q u a l i t a t i v e  T e s t s  o f  S i l v e r  N i t r a t e  w i th  S le m e n ts
i n  S e a le d  F l a s k s
E le m e n t













C h a r a c t e r  o f  
P r e c i p i t a t e
C h a r a c t e r  o f  
S o l u t i o n
B la c k —am o rp h . c o l o r l e s s
Ag m i r r o r
fo rm ed
T i  t u r n s  b l a c k  c o l o r l e s s  
Ag n e e d le s  fo rm
Ag n e e d l e s  fo rm  c o l o r l e s s
No c h a n g e  
a p p a r e n t
c o l o r l e s s
Ag n e e d l e s  fo rm  y e l lo w  
b l a c k  p p t .  s o l u t i o n
Ag n e e d l e s  fo rm  c o l o r l e s s
Ag n e e d l e s  fo rm  c o l o r l e s s
No a p p a r e n t  
r e a c t i o n
No a p p a r e n t  
r e a c t i o n
Ag n e e d l e s  fo rm  c o l o r l e s s  
b ro w n  p p t  fo rm s
B la c k  p p t  c o l o r l e s s
A« n e e d l e s  fo rm
Ag n e e d l e s  fo rm  c o l o r l e s s  
B la c k  p p t .  c o l o r l e s s
R e a c t io n  
w i t h  HHijF
Comments
w h i te  p p t  La r e a c t s  
w i t h  CH3 OH
w h i te  p p t
w h i te  p p t
y e l lo w
p p t
some g a s  
e v o lv e d
c o l o r l e s s  
g a s  e v o lv e d
a f t e r  6  m os.
s o l u t i o n
y e l lo w
l a r g e  am oun t 
c o l o r l e s s  
g a s  e v o lv e d
w h i te  p p t  
t u r n s  b l a c k  
i n  a i r
no  r e a c t i o n  l a r g e  am oun t 
c o l o r l e s s  
g a s  fo rm e d  
s lo w  r e a c t i o n
n o  r e a c t i o n  T l r e a c t s
w i t h  s o l v e n t
n o t  t e s t e d
n o  r e a c t i o n
v e r y  s lo w  
r e a c t i o n
n o t  t e s t e d  v e r y  s lo w
r e a c t io n
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i
because  the  s to p p e r  has  a ve ry  s h o r t  b e a r i n g  s u r f a c e  ( a p p ro x i ­
m ate ly  10 mm). As  a r e s u l t ,  i f  l a r ^ e  amounts of 6as were 
evo lved  in  tne  c o u r se  of  tne  t e s t ,  tne  s e a l  was f o r c e d  w i t h o u t  
g r e a t  v i o l e n c e .  Thus,  a s imple  i n s p e c t i o n  of tne c o n d i t i o n  
01 tne c r ea a e  s e a l  gave a r a p i d  c.oeck on poaa iDle  gas  e v o l u t i o n .
n e s u l t s  of t  ie t e s t s  a r e  summarised in  Taole Al­
though tne n a t u r e  of  tne  r e a c t i o n s  v a r i e d  w id e l y ,  i t  was e v i ­
de n t  t n a t  most of  the  e l eme n ts  t e s t e d  did  r e a c t  in some manner.
3.  n e a c t i o n s  o f  S i l v e r  N i t r a t e  in Otner  S o lv e n t s
I t  was n o t  known w h eth e r  tn e  r e a c t i v i t y  of s i l v e r  
n i c r a t e  w i tn  th e  e lem en ts  was l im i te d  to  w a te r  and m ethano l 
o r  i f  th e  r e a c t i o n s  cou ld  be c a r r i e d  o u t  in  any non—aqueous 
s o l v e n t .  Q u a l i t a t i v e  t e s t s  ware perform ed in  some r e p r e s e n ta ­
t i v e  o rg an ic  s o lv e n t s  to  see  i f  th e  r e a c t i o n s  o c c u rred  and to  
a s c e r t a i n  w h e th e r  a n o th e r  s o lv e n t  m ig h t be more s u i t a b l e  f o r  
q u a n t i t a t i v e  s tu d y .  R e s u l ts  o f  th e s e  t e s t s  a re  g iv e n  i n  Table
I I I .
R e a c tio n s  o c c u r re d ,  t o  some e x t e n t ,  i n  a l l  th e  s o l ­
v e n ts  t e s t e d  w i th  th e  p o s s i b l e  e x c e p t io n  of ca rb o n  t e t r a c h l o ­
r i d e .  I n  ca rb o n  t e t r a c h l o r i d e  s o lv e n t  th e  r e s u l t s  were some­
w hat am biguous. There ap p ea red  to  be some r e a c t i o n  betw een  
s i l v e r  n i t r a t e  and co p p e r  and s i l v e r  n i t r a t e  and b ism u th ,  b u t  
d ry  m ix tu re s  of th e s e  e le m e n ts ,  w i th  s i l v e r  n i t r a t e ,  a l s o
Q
r e a c te d  s lo w ly  a t  25 C. even i f  no s o lv e n t  was p r e s e n t .  The 
r e a c t i o n s  i n  c a rb o n  t e t r a c h l o r i d e  were so  slow t h a t  i t  was 
n o t  p o s s i b l e  t o  d e c id e  w h e th e r  th e  s o lv e n t  a id ed  th e  r e a c t i o n s
11
H e s u l t a














T a o la  I i
o f  Q u a l i t a t i v e  T e a t s  o f  S i l v e r  N i t r a t e  w i t h  g l e m e n t s  
in  S e a l e d  M a s k s
C h a r a c t e r  of  
rraclp  l i s t s
s l a c k —emorph 
At, m i r r o r  
formed
C h a r a c t e r  o f
S f t U U f f l ______
c o l o r l a a a
Ti  tiu*ns b l a c k  c o l o r l e s s  
Ag n e s d l e s  form
Ag n e e d l e s  form c o l o r l e s s
No change 
a p p a r e n t
c o l o r l e s s
Ag n e e d le s  fo rm  y e l lo w  
b l a c k  p p t .  s o l u t i o n
Ag n e e d l e s  fo rm  c o l o r l e s s
Ag n e e d le s  fo rm  c o l o r l e s s
No a p p a r e n t  
r e a c t i o n
No a p p a r e n t  
r e a c t i o n
Ag n e e d l e s  fo rm  c o l o r l e s s  
brow n p p t  fo rm s
B la c k  p p t  c o l o r l e s s
n e e d l e s  fo rm
Ag n e e d l e s  fo rm  c o l o r l e s s  
B la c k  p p t .  c o l o r l e s s
React ion  
w ith  M i.y
a n t s
w h i te  p p t  La r e a c t s  
w i tn  CiijOti
w h i te  p p t
w h i t e  p p t
y e l lo w
p p t
soae gas
e v o lv e d
c o l o r l e s s  
g a s  e v o lv e d
a f t e r  6 n o s .
s o l u t i o n
y e l lo w
l a r g e  am ount 
c o l o r l e s s  
g a s  e v o lv e d
w h i te  p p t  
t u r n s  b l a c k  
i n  a i r
no r e a c t i o n  l a r g e  am ount 
c o l o r l e s s  
g a s  form ed 
s low  r e a c t i o n
no r e a c t i o n  T l r e a c t s
w i th  s o l v e n t
n o t  t e s t e d  v e r y  alow 
r e a c t i o n
no r e a c t i o n
n o t t e s t e d  v er y  slo w
r e a c t io n
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Table I I I
R e ac tio n s  of S i l v e r  N i t r a t e  w i th  E lem ents in  V arious 
Non-Aqueous S o lv e n ts
S o lv e n t  Employed
E th y l  Carbon
M etal A c e t o n i t r i l e  Acetone N itrom ethane  A ce ta te  T e t r a c h lo r id e  
Added ( aj_ .lb.) (a) - . - ( .bJ______   L§J--
Zn + + + +
V + + + +
Sn + ? + + -
Ni + ? - - -
Mn + + 9 + -
Pb + ? + + -
Cu + + + + 9
Co + + + + -
Cd + + - - -
Bi + 9 + + 9
Sb ? + + + -
Pe + + + + -
(a )  d r ie d  over  ca lc iu m  s u l f a t e  ( " D r i e r i t e " )
(b) r e a g e n t  g rad es  n o t  p r e d r ie d
+ = p o s i t i v e  i n d i c a t i o n  of r e a c t i o n  
? = r e s u l t s  u n c e r t a in  
— = no ev id en ce  o f  r e a c t i o n
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o r  i f  t h e  r e a c t i o n  w as s im p ly  due  t o  i n t i m a t e  c o n t a c t  b e tw e e n  
t h e  m ix e d  s o l i d s  a t  t h e  b o t to m  o f  t h e  v e s s e l *
Of t h e  s o l v e n t s  t e s t e d ,  m e th a n o l  w as  c h o s e n  a s  b e i n g  
m o s t  s u i t a b l e  f o r  f u r t h e r  s t u d y  b e c a u s e  r e a c t i o n s  a p p e a r e d  
t o  o c c u r  f a s t e r  i n  m e th a n o l  t h a n  i n  a n y  o t h e r  s o l v e n t  e x c e p t  
a c e t o n i t r i l e .  R e a c t i o n s  i n  a c e t o n i t r i l e  o c c u r r e d  w i t h  a b o u t  
t h e  same s p e e d  a s  i n  m e t h a n o l  b u t  s e v e r a l  o f  t h e  e l e m e n t s  
t e s t e d  g a v e  i n s o l u b l e  p r o d u c t s  i n  t h i s  s o l v e n t .  T h is  b e h a v i o r  
i s  n o t  s u r p r i s i n g  s i n c e  c o p p e r  i s  known t o  fo rm  Cu(CH^CNJ^NO^ 
u n d e r  t h e s e  c o n d i t i o n s .
S i l v e r  s a l t s  show a b n o r m a l l y  g r e a t  s o l u b i l i t i e s  i n  
n i t r o g e n o u s  o r g a n i c  s o l v e n t s .  T a b le  IV g i v e s  s o l u b i l i t y  d a t a  
f o r  some s i l v e r  s a l t s  i n  v a r i o u s  o r g a n i c  s o l v e n t s .  The g r e a t  
s o l u b i l i t y  o f  s i l v e r  s a l t s  i n  o r g a n i c  a m in e s  and  n i t r i l e s  h a s  
b e e n  a t t r i b u t e d  t o  t h e  f o r m a t i o n  o f  c o m p le x e s  o f  t h e  g e n e r a l  
f o rm  AgCCH^CN^NO^1^* l a  n o  e v i d e n c e  f o r  b e h a v i o r  o f
t h i s  t y p e  i n  m e th a n o l  an d  i t  w as f e l t  t h a t  t h e  p o s s i b i l i t y  o f  
c o m p le x  s o l v a t e d  s p e c i e s  w o u ld  u n n e c e s s a r i l y  c o m p l i c a t e  t h e  
s t u d y  o f  t h e  r e a c t i o n .
I t  w as a l s o  n o t e d  t h a t  t h e  a d d i t i o n  o f  ammonium f l u o — 
r i d e  d i d  n o t  a lw a y s  c a u s e  t h e  f o r m a t i o n  o f  i n s o l u b l e  p r e c i p i ­
t a t e s  i n  s o l v e n t s  o t h e r  t h a n  m e t h a n o l .
C. Q u a l i t a t i v e  T e s t s  U s in g  O t h e r  S i l v e r  S a l t s  i n  M e th a n o l
I n  a n  a t t e m p t  t o  a s c e r t a i n  w h e t h e r  t h e  s y n t h e t i c  
m e th o d  w as g e n e r a l l y  a p p l i c a b l e ,  q u a l i t a t i v e  t e s t s  w e re  peiv - 
fo rm e d  u s i n g  r e p r e s e n t a t i v e  m e t a l s  w i t h  s i l v e r  n i t r i t e ,  
a c e t a t e ,  i o d a t e  and  s u l f a t e .  A l l  s a l t s  t e s t e d  g a v e  p o s i t i v e
I k
i n d i c a t i o n  o f  r e a c t i o n  su c h  a s  c o l o r  change o r  s i l v e r  c r y s t a l  
f o r m a t io n .
T e s t s  u s in g  s i l v e r  c h l o r i d e  w ere n e g a t iv e  a f t e r  t h r e e  
d a y s .  Due t o  th e  low s o l u b i l i t y  o f  th e  s i l v e r  h a l i d e s  i n  
m e th a n o l  (T a b le  IV) th e  s a l t s  w ere  c o n s id e r e d  t o  be u n s u i t a b l e  
f o r  s tu d y  i n  t h i s  s o l v e n t  and no f u r t h e r  work was done w i th  
them .
Table IV
S o l u b i l i t i e s  o f  Some S i l v e r  Compounds i n  No»-Aqueous S o lv e n ts
S o l u b i l i t y  i n  grams p e r  1000 grams o f  S o lv e n t  
S o lv e n t  AgN03 Ag Cl_________ flgBr________AgCjLO^
A c e t ic  a c id 7 .8 x  lOT1 (a)
A cetone 5 .0 (a )
A c e t o n i t r i l e 2900 (a)
A n i l in e 185 (a ) *500 (b)
Benzene 2 .2 x  10™X( c ) *50 (b)
B e n z o n i t r i l e 1050 (d)
E th a n o l 1 6 .7 (a) * 1 . 4x l 0~ B(b) * 1 . 3x 10" ^ )
E th y l  a c e t a t e 24.2 ( a )
I s o p ro p a n o l 13.8 (a )
M ethanol 2 8 .4 (a ) * 5 . 6 x l 0 “ B(b) * 5 .6 x lO * e(b)
M ethyl e t h y l  
k e to n e
2 .2 (a )
P r o p i o n i t r i l e 1800 (a )
P y r id i n e 336 (a ) 15 (b )  *209 (b)
R e fe re n c e : A. S e i d e l l ,  " S o l u b i l i t i e s  o f  I n o rg a n ic  and M eta l
O rgan ic  Compounds” , New Y ork, Van M ostrand ,
T h ird  E d i t i o n ,  I 9I4-O, V o l. I ,  p p . I4-—77-
T em perature  o f  m e asu rem e n ts :  (a )  2 0 °C .,  (b) 2 5 °C .,  (c )  3 5 °C .,
(d ) l8 °C .
* S o l u b i l i t y  i n  grams p e r  l i t e r  o f  s a t u r a t e d  s o l u t i o n .
CHAPTER I I  
REACTIONS WITH NON—METALLIC ELEMENTS
A l i t e r a t u r e  s e a r c h  r e v e a le d  t h a t  some r e a c t i o n s  o f
13th e  h a lo g e n s  w i th  s i l v e r  s a l t s  a r e  w e l l  known. A l l  r e s u l t s  
were c o n s i s t e n t  w i th  f o r m u l a t i o n  o f  th e  r e a c t i o n s  a s :
 >X+ + X~ (X = C l ,  B r ,  o r  I )
X+ + X + AgNO^ ^ AgX |  + XNO  ^ ( i n  s o l u t i o n )
The h a lo g e n  n i t r a t e  ( o r  n i t r a t o h a l i d e  by an a lo g y  w i th  th e  
known s t r u c t u r e  o f  FNO^) m ig h t be presumed t o  have a s t r u c ­
t u r e  s i m i l a r  to  t h a t  d e te rm in ed  f o r  NO^F. T h is  s t r u c t u r e ,
by p r e p a r in g  known s ta n d a rd  s o l u t i o n s  o f  s i l v e r  n i t r a t e  and 
io d in e  i n  d ry  m e th a n o l .  A known volume o f  th e  s i l v e r  n i t r a t e  
s o l u t i o n  was th e n  t i t r a t e d  w i th  i o d i n e ,  u s in g  a S a rg e n t  O s c i l ­
lo m e te r  t o  d e t e c t  changes  i n  th e  s l o p e  o f  th e  p l o t  o f  c a p a c i ­
ta n c e  v s  ml o f  r e a g e n t  added .
a s  d e te rm in ed  by P a u l in g  and Brockway ^ by e l e c t r o n  d i f f r a o




These  n i t r a t o  h a l i d e s  were ob se rv ed  t o  add r e a d i l y
a c ro s s  o rg a n ic  doub le  b o n d s .
A. R e a c t io n  o f  Io d in e  w i th  S i l v e r  N i t r a t e
The r e a c t i o n  o f  io d in e  w i th  s i l v e r  n i t r a t e  was checked
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When 5*89  x  10T 4 m o la r  s i l v e r  n i t r a t e  was t i t r a t e d  
w i t h  5 *9*1- x  10” 8 m o la r  i o d i n e  two s h a r p  b r e a k s  w ere  o b t a i n e d .  
T hese  b r e a k s  o c c u r r e d  a t  m o la r  r a t i o s  o f  AgNO^/I o f  2 .0 7  and 
0 .5 0 7 .  U s in g  r e a g e n t s  t e n  t i m e s  a s  c o n c e n t r a t e d  gave  o n ly  one 
b r e a k  a t  a m o la r  r a t i o  o f  0 ,5 1 3 •  I n c r e a s i n g  t h e  c o n c e n t r a t i o n s  
t o  v a l u e s  ab o v e  0 .1  m o la r  r e s u l t e d  i n  sm o o th  c u r v e s  o f  co n ­
s t a n t l y  c h a n g in g  s l o p e .
The r e a c t i o n s  w ere  o b s e rv e d  t o  o c c u r  w i t h  e x t re m e  
r a p i d i t y  and w ere  a c co m p a n ied  by a m arked  c o o l i n g  o f  t h e  O s c i l ­
l o m e t e r  f l a s k .  The s o l u t i o n  becam e d e e p  r e d  and a v o lu m in o u s ,  
y e l l o w  p r e c i p i t a t e  was im m e d ia te ly  fo rm e d .
An x—r a y  pow d er  d i f f r a c t i o n  p h o to g r a p h  was t a k e n  o f  
th e  y e l l o w  r e s i d u e .  A l th o u g h  t h e  p a t t e r n  w as p o o r ,  i t s  t h r e e  
s t r o n g e s t  l i n e s  w ere  i d e n t i c a l  i n  i n t e r p l a n a r  s p a c i n g  and  i n ­
t e n s i t y  w i t h  t h e  p u b l i s h e d  v a l u e s  f o r  TS —s i l v e r  i o d i d e . ^
The a p p e a r a n c e  o f  t h e  gamma fo rm  o f  s i l v e r  i o d i d e
u n d e r  t h e s e  c o n d i t i o n s  r e q u i r e s  some com m ent. I n  p a r t i c u l a r ,
i t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  p r e c i p i t a t e d  p o w d er  was
s u f f i c i e n t l y  c r y s t a l l i n e  t o  g i v e  a n  x—r a y  d i f f r a c t i o n  p a t t e r n
w i t h o u t  a n n e a l i n g .  T h e re  a p p e a r s  t o  be  some c o n f u s i o n  i n  t h e
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l i t e r a t u r e  c o n c e r n in g  t h e  p o ly m o rp h ism  o f  s i l v e r  i o d i d e  and 
n um erous  w o r k e r s  h av e  d e m o n s t r a t e d  t h a t  a n n e a l i n g  and v a r y i n g  
t h e  p r e c i p i t a t i o n  t e c h n i q u e  c a n  r e s u l t  i n  t h e  f o n n a t i o n  o f  
e i t h e r  t h e  ^  fo rm  ( h e x a g o n a l ,  w u r t z i t e  s t r u c t u r e ) ,  t h e  Y  fo rm  
( c u b i c ,  z i n c  b le n d e  s t r u c t u r e )  o r  m i x t u r e s  o f  b o t h  f o r m s .
T h e re  i s  a l s o  some q u e s t i o n  w h e th e r  t h e  Y  fo rm  i s  m e t a s t a b l e
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T ftwith, r e s p e c t  to  th e  fo rm a t io n  of th e  ^  fo rm . I f  f u r t h e r  
i n v e s t i g a t i o n  of m e th a n o l ic  p r e c i p i t a t i o n  y i e l d s  a h ig h ly  
c r y s t a l l i n e  form o f  s i l v e r  io d id e ,  i t  m ig h t be v e ry  i n s t r u c ­
t i v e  to  r e i n v e s t i g a t e  th e  polymorphism of s i l v e r  io d id e  u s in g  
t h i s  a s  a s t a r t i n g  m a t e r i a l .
B. R e a c t io n  of S u l f u r  w i th  S i l v e r  N i t r a t e
The r e a c t i o n  o f  e le m e n ta ry  s u l f u r  and s i l v e r  n i t r a t e  
and c o v e r in g  w i th  d ry  m e th a n o l .  The s o l i d  s u l f u r  s low ly  
tu rn e d  b la c k  i n d i c a t i n g  t h a t  a r e a c t i o n  was o c c u r r in g .  A f t e r  
one week th e  r e s id u e  and f i l t r a t e  were s e p a r a te d  on a Buchner 
fu n n e l  and th e  b la c k  r e s id u e  was washed s e v e r a l  t im es  w i th  
c a rb o n  d i s u l f i d e  t o  remove u n re a c te d  s u l f u r .  The b la c k  p re ­
c i p i t a t e  was s o lu b le  i n  c o n c e n t r a t e d  s u l f u r i c  a c id  g iv in g  
e le m e n ta ry  s u l f u r .  W ater s o l u t i o n s  from t h i s  t r e a tm e n t  gave 
a t u r b i d i t y  w i th  HC1. An x—ra y  powder d i f f r a c t i o n  p a t t e r n  o f  
th e  b la c k  m a t e r i a l  was i d e n t i f i e d  as  ^  —s i l v e r  s u l f i d e  ( th e  
norm al low te m p e ra tu re  fo rm ) .
S e v e ra l  a t te m p ts  were made t o  a c c e l e r a t e  th e  r e a c t i o n  
so  t h a t  i t s  s to i c h io m e t r y  co u ld  be checked by h ig h  f re q u e n c y
t i t r a t i o n .  Table V l i s t s  th e  s o l u b i l i t y  o f  e le m e n ta ry  s u l f u r
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i n  v a r io u s  o rg a n ic  s o lv e n t s  a s  ta k e n  from S e i d e l l .
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Table V
S o l u b i l i t y  o f  S u l f u r  i n  V a r io u s  O rg a n ic  S o lv e n t s
S o l u b i l i t y  o f  S i n  T e m p e ra tu re
S o lv e n t   m ole s /1 0 0  gm s o l v e n t  (P e g . C. )
m e th a n o l  8 .7 5  x  lO”"4 1 8 .5
e t h a n o l  1.66 x  10“ * 18.5
a c e to n e  6 . 5  x  10 25
t e t r a c h l o r o —
e t h y l e n e  ij..71 x  10 25
c a rb o n  t e t r a — _ a
c h l o r i d e  2.60 x  10 25
c a rb o n  d i s u l f i d e  7 . 2.2. 1 10 1 0
t o l u e n e  lj..62 x  10"”* 23
S o l u b i l i t y  d a t a  on s i l v e r  n i t r a t e  (T a b le  IV) i n d i ­
c a t e  t h a t ,  i n  g e n e r a l ,  i t  i s  a p p r e c i a b l y  s o l u b l e  o n ly  i n  
s o l v e n t s  h a v in g  a p p r e c i a b l e  d i p o l e  moment o r  t h o s e  c o n t a i n ­
in g  n i t r o g e n  e i t h e r  i n  th e  fo rm  o f  a n  am ine o r  n i t r i l e .  In  
k e e p in g  w i t h  t h i s  g e n e r a l  i d e a  i t  was fo u n d  t h a t  m i x t u r e s  o f  
s u l f u r  and s i l v e r  n i t r a t e  i n  t o l u e n e  and c a rb o n  d i s u l f i d e  
showed no  d e t e c t a b l e  r e a c t i o n  a f t e r  6 h o u r s .
I t  was th o u g h t  t h a t  t h e  r e a c t i o n  b e tw e e n  s i l v e r  
n i t r a t e  and s u l f u r  m ig h t  be  a c c e l e r a t e d  by  s e l e c t i n g  a m ixed 
s o l v e n t .  Mixed s o l v e n t s  w ere  p r e p a r e d  b y  co m b in in g  a p p r o x i ­
m a te l y  e q u a l  vo lum es o f  m e th a n o l  and t o l u e n e ,  a c e t o n i t r i l e  
and t o l u e n e ,  a c e t o n i t r i l e  and c a r b o n  d i s u l f i d e ,  and a c e t o — 
n i t r i l e  and c a r b o n  t e t r a c h l o r i d e .
20
No s o l v e n t  p a i r  a p p r e c i a b l y  a c c e l e r a t e d  th e  r e a c t i o n .
A s o l i d —s o l i d  r e a c t i o n  b e tw e en  3 grams o f  s i l v e r  
n i t r a t e  and 3 grams o f  s u l f u r  was t e s t e d  t o  d e te rm in e  w hat 
p r o d u c t s  w ere fo rm e d . A t t e m p e r a tu r e s  above a b o u t  8 0 ° C .,  a 
v e ry  dense  c lo u d  of mixed SO2 and N02 was e v o lv e d  and an  ii>- 
s o l u b l e ,  b l a c k  r e s i d u e  re m a in e d .  T h is  o b s e r v a t i o n  i s  con­
s i s t e n t  w i th  th e  r e a c t i o n ,
8AgN03 + SQ 1*S02T + 8N02 T + iU g2s  •
C. R e a c t io n  o f  S e len ium  w i th  S i l v e r  N i t r a t e
R e a c t io n  b e tw e en  s e le n iu m  and s i l v e r  n i t r a t e  was ob­
s e rv e d  t o  p ro c e e d  v e r y  s lo w ly .  A f t e r  two weeks th e  s o l u t i o n  
and s o l i d  p r o d u c t s  w ere  s e p a r a t e d  and th e  s o l i d s  washed w i th  
l a r g e  q u a n t i t i e s  o f  c a rb o n  d i s u l f i d e  i n  an  e f f o r t  t o  wash o u t  
e x c e s s  s e le n iu m .  X—r a y  pow der d i f f r a c t i o n  a n a l y s i s  i n d i c a t e d  
t h a t  th e  s o l i d  r e m a in in g  was a m ix tu re  o f  fL —s i l v e r  s e l e n i d e  
and u n r e a c te d  s e l e n i u m .1^
D. D is c u s s io n
I t  would a p p e a r  f a i r l y  c l e a r  t h a t  when Io d in e  r e a c t s  
w i th  s i l v e r  n i t r a t e ,  i n  an h y d ro u s  m e th a n o l ,  th e  o v e r a l l  r e a c ­
t i o n  ca n  be w r i t t e n  i n  t h e  f o l l o w in g  m anner.
AgN03 + I 2 *  Agl 4- + IN03 ( i n  s o l u t i o n )
The f o r m u l a t i o n ,  d e r iv e d  from  th e  o s c i l l o m e t r i c  
t i t r a t i o n  and o b s e r v a t i o n  o f  th e  s o l i d  p r o d u c t s ,  i s  s u p p o r te d
by i n d i r e c t  e v id e n c e  o f  s e v e r a l  t y p e s .
11B irc k e n b a c h  and h i s  co w o rk e rs  J  fo u n d  t h a t  th e  s o lu b l e  
s p e c i e s  from  s i m i l a r  r e a c t i o n s  w i l l  add a c r o s s  o r g a n ic  d o u b le
b o n d s .  F o r  ex am p le , a m ix tu r e  o f  s i l v e r  n i t r a t e  and io d in e
i n  c y c lo h e x a n e  gave a p r e c i p i t a t e  o f  s i l v e r  i o d i d e .  The
s o l u b l e  s p e c i e s  (IKO^) th e n  gave  h i g h  y i e l d s  o f  1—i o d o e t h y l
n i t r a t e  (B .F .  22mm = 8o ° C .)  when g a s s e d  w i t h  e t h y l e n e .  When
l a r g e  g r a n u l e s  o f  s i l v e r  n i t r a t e  w ere u sed  th e  r e a c t i o n  was
v e r y  in c o m p le te  due t o  t h e  f o r m a t i o n  o f  a c o a t i n g  o f  s i l v e r
io d id e  on th e  s u r f a c e  o f  th e  s i l v e r  n i t r a t e  p a r t i c l e s .
P y r i d i n e  d e r i v a t i v e s  o f  u n i p o s i t i v e  i o d i n e  h av e  b e e n
p r e p a r e d  by th e  s t o i c h i o m e t r i c  r e a c t i o n  o f  s i l v e r  n i t r a t e
20and i o d in e  i n  c h lo ro fo rm  c o n t a i n i n g  e x c e s s  p y r i d i n e .
AgNO^ + I 2 + 2P yr *  Pyr^INO^ + A g l i
The com plex  i s  p r e c i p i t a t e d  by th e  a d d i t i o n  o f  d i e t h y l  e t h e r .
There  c a n  be  l i t t l e  d o u b t  o f  t h e  e l e c t r o p o s i t i v e  
c h a r a c t e r  o f  th e  i o d in e  i n  t h i s  com plex  b e c a u s e  e l e c t r o l y s i s  
o f  PyrglNO^ i n  a n h y d ro u s  c h lo ro fo rm  y i e l d s  i o d in e  a t  th e  
c a t h o d e .
In  t h e  o s c i l l o m e t r i c  t i t r a t i o n  o f  th e  m o st d i l u t e
s o l u t i o n  two b r e a k s  w ere o b se rv e d  c o r r e s p o n d in g  t o  AgNO^/l
r a t i o s  o f  a p p r o x im a te ly  2 .0  and 0 .5 *  The b r e a k  a t  2 .0  was
n o t  r e p ro d u c e d  i n  t h e  more c o n c e n t r a t e d  s o l u t i o n .  T h is
i n i t i a l  b r e a k  ca n  p r o b a b ly  be a t t r i b u t e d  t o  a l o a d in g  e f f e c t
21s i m i l a r  t o  t h a t  found  by  A n d erso n , B e t t e s  and R a v ln so n  on 
d i l u t e  sodium  c h l o r i d e  s o l u t i o n s  i n  w a t e r .  I n t h e i r  o b s e rv a ­
t i o n s ,  t h e s e  w o rk e rs  fo u n d  t h a t  f o r  v e r y  d i l u t e  s o l u t i o n s  a n  
i n c r e a s e  i n  c o n c e n t r a t i o n  ( " l o a d i n g 11) w ould c a u s e  a d e c r e a s e  
i n  g r i d  c u r r e n t  i n  t h e  o s c i l l o m e t e r  w h ic h  w ould r e v e r s e  a t  a 
c e r t a i n  c r i t i c a l  c o n c e n t r a t i o n .  F a i l u r e  t o  r e p ro d u c e  t h e  2 .0
22
b r e a k  a t  h i g h e r  i n i t i a l  c o n c e n t r a t i o n s  would tend  t o  b e a r  o u t  
t h i s  ty p e  o f  i n t e r p r e t a t i o n  a l th o u g h  i t  m ig h t  a l s o  be due to  
a s t r a y  e l e c t r i c a l  e f f e c t  cau sed  by th e  e n d o th e rm ic  n a t u r e  o f  
th e  r e a c t i o n .
I t  i s  i n t e r e s t i n g  to  n o te  t h a t  a v e ry  s i m i l a r  r e a c t i o n
a p p e a r s  t o  o c c u r  when s i l v e r  n i t r a t e  and io d in e  r e a c t  in
22w a te r .  F av lo v  and S h e in  found  t h a t  i n  th e  p r e s e n c e  o f  ex­
c e s s  s i l v e r  n i t r a t e  th e  r e a c t i o n  can  be w r i t t e n  a s :
6AgN03 + 3 i 2 + 3H2 0 = 5 i g l *  + A g io y  + 6hno3
and i n  th e  p re s e n c e  o f  e x c e s s  io d in e  th e  s i l v e r  I s  a l l  p re ­
c i p i t a t e d  a s  s i l v e r  io d id e  and th e  r e a c t i o n  becomes
5Aguo3 + 3 i 2 + 3H2 o = 5Agi* + 5hno3 + h i o 3 .
These r e a c t i o n s  ca n  be f o rm u la te d  a s  o c c u r r in g  by th e  p r im a ry
23f o r m a t io n  o f  u n i p o s i t i v e  and u n in e g a t i v e  io d in e  i o n s ,  o r  a 
d ip o le  p a i r ,  fo l lo w e d  by r e a c t i o n  o f  th e  s o lv e n t  w i th  th e  urn- 
s t a b l e  m o n o p o s i t iv e  io d in e  t o  le a d  u l t i m a t e l y  t o  th e  i o d a t e .
In  th e  c a se  o f  th e  r e a c t i o n s  o f  s u l f u r  and se len iu m
w i th  s i l v e r  n i t r a t e  th e  s to i c h io m e t r y  can  o n ly  be i n f e r r e d  by
th e  s o l i d  p ro d u c t  fo rm ed . The f o r m a t io n  o f  th e  s i l v e r  s a l t s  
o f  th e  d i n e g a t i v e  n o n -m e ta l  would te n d  t o  im ply  a p o l a r i z a t i o n  
o r  i o n i z a t i o n  o f  th e  ty p e  i n d i c a t e d  be low :
S£ = S+2 + S~2 .
A seq u en ce  in v o lv in g  t h r e e  m o le c u le s  such  as  
3 /2 S 2 = 2S+ + S=
i s  n o t ,  how ever, e l i m i n a t e d  by th e  o b s e r v a t i o n .  S in c e  th e
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r e a c t i o n  co u ld  n o t  be a c c e l e r a t e d  t o  a n  e x t e n t  s u f f i c i e n t  t o  
m easure  th e  s t o i c h i o m e t r y  t h i s  p o i n t  re m a in s  v e r y  u n c l e a r .
A th o ro u g h  s tu d y  o f  t h e  o rg a n ic  d e r i v a t i v e s  o f  t h e s e  compounds
m ig h t  s u g g e s t  w hich  o f  th e  r e a c t i o n  schemes i s  f o l lo w e d ,  b u t
t h i s  was judged  t o  be beyond th e  scope o f  t h i s  p r o j e c t .
Once a g a in  i t  i s  i n t e r e s t i n g  t o  n o te  t h a t  a n a la g o u s  
r e a c t i o n s  o c c u r  i n  th e  w a te r  sy s tem  and t h a t  i n  e a c h  c a se  
th e  p r o d u c t s  ca n  be i n t e r p r e t e d  a s  a r i s i n g  from  s o l v o l y s i s  
o f  th e  p o s i t i v e  s p e c i e s  i n i t i a l l y  fo rm ed . I n  th e s e  c a s e s  th e  
o v e r a l l  r e a c t i o n s  ca n  be w r i t t e n  a s s
( s u l f u r )  3Ag2S0^ + UH20 + ij-S *  l+H2S0ij. + 3*«2S i
( se le n iu m )  1+igNO^ + 3Se + 3H20 »  HgSeO^ + ijUNO^
CHAPTER I I I
SIMPLE DISPLACEMENT REACTIONS
Sim ple d is p la c e m e n t  r e a c t i o n s  o f  th e  ty p e ,
xAgNO^ + M —  3^5—» M(N03)x  + xAg* , 
were ob se rv ed  t o  o c c u r  w i th  b ism u th ,  l e a d ,  z in c  and c o b a l t .
F o r  r e a s o n s  w h ich  w i l l  be d i s c u s s e d  in  d e t a i l  s u b s e q u e n t ly ,  
i t  was a l s o  found  c o n v e n ie n t  to  in c lu d e  th a l l i u m ,  cadmium, 
n i c k e l ,  m anganese, t i n ,  lan thanum  and co p p e r  i n  t h i s  g roup  
o f  e le m e n ts ,  a l th o u g h  a l l  o f  th e s e  sys tem s were c h a r a c t e r i z e d  
by c o m p l ic a t io n s  o f  one ty p e  o r  a n o th e r .
In  g e n e r a l ,  th e  r e a c t i o n s  were s tu d ie d  by th e  fo l lo w ­
in g  p r o c e d u r e :
(a )  Weighed amounts o f  p r e d r i e d  m e ta l  and s i l v e r  n i t r a t e  
were in t r o d u c e d  i n t o  E rlen m ey er  f l a s k s  w hich  were p ro v id e d
w i th  ground g l a s s  s t o p p e r s .  The r e a c t a n t s  were th e n  covered
2ii
w i th  s u f f i c i e n t ,  r e d i s t i l l e d  , C. P . m e th an o l t o  make an 
a p p ro x im a te ly  s a t u r a t e d  s o l u t i o n  o f  s i l v e r  n i t r a t e  ( c a .  2$ 
by w e ig h t ) .  The m ix tu re s  were th e n  s to r e d  i n  a c a b i n e t  to  
av o id  c o n t in u o u s  ex p o su re  t o  f l u o r e s c e n t  l i g h t ,  and shaken  
p e r i o d i c a l l y .  A f t e r  s e v e r a l  days th e  f l a s k s  w ere opened and 
t e s t e d  f o r  th e  p re s e n c e  o f  s i l v e r  i n  th e  s u p e r n a ta n t  l i q u i d  
by w ith d ra w in g  s e v e r a l  d ro p s ,  e v a p o r a t in g  t o  d ry n e s s  on a 
steam  b a t h ,  d i s s o l v i n g  i n  w a te r  and a d d in g  a d ro p  o f  6M HC1. 
A f t e r  a r e a c t i o n  tim e was e s t a b l i s h e d  new m ix tu re s  were p re ­
p a re d  and a l lo w ed  t o  r e a c t  f o r  th e  p re d e te rm in e d  tim e  i n  s e a le d
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v e s s e l s  w i t h  p e r i o d i c  s h a k i n g .  T a b le  V I g i v e s  some a p p r o x i ­
m a te  r e a c t i o n  t im e s  when a tw o f o ld  e x c e s s  o f  m e t a l ,  o v e r  t h a t  
n e c e s s a r y  t o  fo rm  t h e  n o rm a l  o x i d a t i o n  s t a t e  i n  a q u e o u s  s o l u ­
t i o n ,  was em p lo y ed .
T a b le  V I
A p p ro x im a te  R e a c t io n  Times N e c e s s a ry  t o  Consume A l l  
S i l v e r  N i t r a t e  When E m ploy ing  a Tw ofold E x c e s s  o f  M e ta l
M e ta l  A p p ro x im a te  R e a c t io n  Time i n  Davs
C opper 1 /1 0
Z in c  l / l O  t o  l / 5
B ism u th  1
C o b a l t  5  t o  7
Cadmium R e a c te d  s u p e r f i c i a l l y — a l l  s i l v e r
n i t r a t e  n e v e r  consum ed
T in  R e a c te d  s u p e r f i c i a l l y — s i l v e r  n i t r a t e
n o t  c o m p le t e ly  consumed
Lead  1 /5  t o  1
N ic k e l  S t i l l  c o n t a i n e d  a p p r e c i a b l e  s i l v e r
a f t e r  i |  m o n th s  c o n t a c t
M anganese 1 t o  3
I t  was fo u n d  t h a t  t h e  r a t e  o f  r e a c t i o n  was v e r y  d e p e n d e n t  
upon  b o t h  t h e  s i z e  o f  t h e  m e t a l  em ployed  and e x t e n t  o f  
c l e a n l i n e s s  o f  t h e  s u r f a c e .  F o r  t h i s  r e a s o n  i t  was n e c e s s a r y  
t o  s c r e e n  t h e  m e t a l s  and p r e f e r a b l y  t o  u s e  m e t a l s  f ro m  p r e ­
v i o u s l y  unopened  r e a g e n t  b o t t l e s .  M ost q u a n t i t a t i v e  e x p e r i —
2b
merits were c a r r i e d  ou t on m e ta l s  o f  40 mesh o r  s m a l l e r ,  
b u t  an  a t t e m p t  was made t o  av o id  m e ta l  d u s t .
(b) The v e s s e l s  were opened a f t e r  th e  a p p r o p r i a t e  t im e in ­
t e r v a l  and t e s t e d  f o r  th e  p re s e n c e  o f  s i l v e r  i n  th e  m anner 
p r e v i o u s l y  d e s c r ib e d .  I f  found  to  be f r e e  from  s i l v e r  th e  
r e s id u e  was s e p a r a te d  from  th e  s u p e r n a t a n t  by f i l t r a t i o n  
th ro u g h  a d ry ,  p rew e ig h e d , medium p o r o s i t y ,  s i n t e r e d  g l a s s  
c r u c i b l e .  The r e s i d u e  and f i l t r a t e  w ere th e n  t r e a t e d  sepa­
r a t e l y  as  i n d i c a t e d  be low .
(c )  The s o l u t i o n  was p r e c i p i t a t e d  a s  th e  t e r n a r y  f l u o r i d e  
by th e  a d d i t i o n  o f  e x c e s s  s a t u r a t e d  ammonium f l u o r i d e  in
m e th an o l w hich  had been  p r e v i o u s l y  r e c r y s t a l l i z e d  by th e
25method d e s c r ib e d  by B aker  and H a e n d le r .  The p r e c i p i t a t e d  
f l u o r i d e  was a llo w ed  t o  age f o r  6 t o  24 h o u rs  and th e n  f i l ­
t e r e d ,  washed f r e e  o f  e x c e s s  ammonium f l u o r i d e  and d r i e d  
u n d e r  vacuum a t  room te m p e r a tu r e .  The f l u o r i d e  form ed was 
th e n  a n a ly z e d  by x - r a y  powder d i f f r a c t i o n .
(d) S in ce  no s i l v e r  was found  i n  th e  s o l u t i o n  i t  was a l l  
assumed t o  be p r e s e n t  i n  th e  r e s i d u e .  The r e s i d u e  was
oth o ro u g h ly  washed w i th  d ry  m e th a n o l ,  d r i e d  a t  110 C. and 
w e ig h ed . Prom a knowledge o f  th e  i n i t i a l  w e ig h t s  em ployed, 
th e  amount o f  m e ta l  d i s s o lv e d  c o u ld  be c a l c u l a t e d  and th e  
s t o i c h io m e t r y  d ed u ced . Only when th e  s to i c h io m e t r y  c a l c u ­
l a t e d  by t h i s  method y i e l d e d  th e  m e ta l  i n  th e  same o x id a t io n  
s t a t e  a s  t h a t  o b se rv ed  i n  th e  f l u o r i d e  d e r i v a t i v e  was a 
s im p le  d is p la c e m e n t  r e a c t i o n  assum ed .
To i l l u s t r a t e  t h i s  ty p e  o f  c a l c u l a t i o n  i t  m ig h t be
i n s t r u c t i v e  t o  c o n s i d e r  th e  f o l l o w i n g  d a t a  ta k e n  from  an  
e x p e r im e n t  i n  w h ich  z in c  was r e a c t e d  w i th  s i l v e r  n i t r a t e .
I n  t h i s  e x p e r im e n t ,  0 .5 l8 ij .  gram s o f  s i l v e r  n i t r a t e  
and 0.0998 gram s o f  z in c  w ere r e a c t e d  i n  25 ml o f  r e d i s t i l l e d  
m e th a n o l .  A f t e r  two weeks th e  s o l u t i o n  and r e s i d u e  w ere 
s e p a r a t e d .  A d d i t io n  o f  ammonium f l u o r i d e  t o  th e  s u p e r n a t a n t  
p r e c i p i t a t e d  NHjjZnF^ *nd a q u a l i t a t i v e  t e a t  i n d i c a t e d  t h a t  
no s i l v e r  was p r e s e n t  i n  th e  s o l u t i o n .
S in ce  th e  s o l u t i o n  c o n ta in e d  no s i l v e r  t h e  r e s i d u e  
was assumed t o  c o n t a i n  0 .6 3 5 0  x  0 .5 l8 ij. gram s o r  0 .3 2 9 2  grams 
o f  m e t a l l i c  s i l v e r .  Bie r e s i d u e  w eighed  0.3309 gram s o f  w h ich  
0 .3 3 0 9  — 0.3292 o r  0 .0 0 1 7  gram s was assumed to  be  u n r e a c te d  
z i n c .  I t  i s  s e e n  t h a t  t h i s  c o r re s p o n d e d  t o  p r e c i p i t a t i o n  o f
m 3 ""93.051 x  10 m o les  o f  s i l v e r  and d i s s o l u t i o n  o f  1 .5 0  x  10 
m oles o f  z i n c .  Assuming a one e l e c t r o n  change f o r  s i l v e r  
th e  z in c  was c a l c u l a t e d  t o  have undergone  a 2.03 e l e c t r o n  
c h a n g e .  R e s u l t s  f o r  th e  d e r iv e d  s t o i c h i o m e t r y  w ere  i n  good 
ag re e m en t w i t h  th e  fo rm a l  c h a rg e  o f  z in c  i n  ammonium t r i — 
f l u o r o z i n c a t e ( I I ) .
T ab le  V I I  l i s t s  q u a n t i t a t i v e  d a t a  d e r iv e d  from  r e a c ~  
t i o n s  b e tw een  z i n c ,  c o b a l t ,  l e a d ,  b is m u th  and m anganese w i th  
s i l v e r  n i t r a t e .
P e c u l i a r i t i e s  w ere o b se rv e d  i n  a l l  o f  t h e  sy s tem s  
l i s t e d .  B iese  p e c u l i a r i t i e s  a r e  c o n s id e r e d  i n  s e p a r a t e  
s e c t i o n s .
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Table VII
Q u a n t i t a t i v e  D ata on S im ple  D isp la c e m e n t  R e a c t io n s  B etw een 
M e ta ls  and S i l v e r  N i t r a t e  i n  A nhydrous M ethanol
tfe ta l M olar r a t i o P o s i t i v e  v a le n c e R e a c t io n
metal/AgNOo s t a t e o f  m e ta l p r o d u c t  w i t h  NHiF 
i n  me t h a n o l  ^a t  s t a r t c a l c u l a t e d  from
we i g h t o f  r e s i d u e
Zn 1 .9 9 5 1 .9 9 NH^ZnP3
0 .9972 - n
0.24.990 - it
0.14.915 2 .0 3 it
0.224-98 — n
Co 1 .0 0 0 2 .1 3 —
0.5000 2 .0 0 NH^CoF3
0.3333 1 .9 7 —
Pb 24-. 125 1.94 6  - P b F 2
Bi 14..065 I4.. 06 nh^ b i f ^
Mn 15.61 2 .0 6 NH^KhF3
7.59 2 .1 k —
3.061 2 .2 3 m ix t .  NHjjMnF^ + MnF^ 
+ t r a c e  o f  u n i d e n t i ­
f i e d  s u b s ta n c e
0 .9 9 7 6 2.22 NH^MnF3
B ism u th  sam p les  w ere  o b se rv e d  t o  be e x t r e m e ly  s e n s i t i v e  t o  
h y d r o l y s i s .  T h is  p r o b a b ly  g iv e s  r i s e  t o  th e  h ig h  and v a r i ­
a b l e  o x i d a t i o n  number d e r iv e d  from  t h e  w e i g h t s .  Numerous 
o t h e r  sam p les  gave s t o i c h i o m e t r y  c a l c u l a t i o n s  b e tw e en  3*3 
and 3*7 and a l l  gave NH^BiP^ as  t h e  o n ly  f l u o r i d e  d e r i v a t i v e .
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A. G e n e r a l  Summary o f  E x p e r im e n ta l  Work
(1 )  Z in c  — The r e a c t i o n  p ro c e e d e d  s m o o th ly  w i t h  t h e  p ro d u c ­
t i o n  o f  a c o l o r l e s s  s o l u t i o n  and d e p o s i t i o n  o f  s i l v e r  n e e d l e s .  
Die p r o d u c t  n i t r a t e  w as v e r y  s o l u b l e  i n  t h e  s o l v e n t .  E vapo­
r a t i o n  o f  t h e  s o l v e n t  u n d e r  vacuum a t  room t e m p e r a t u r e  p r o ­
duced  a c o l o r l e s s ,  waxy m a s s .  Warming t h e  m ass  i n  a n  e f f o r t  
t o  rem ove t h e  r e m a in in g  m e th a n o l  c a u s e d  d e c o m p o s i t io n  i n t o  a 
b row n g a s  and a brow n o i l .
I t  was fo u n d  t h a t  t h e  r e s i d u e s  c o n t a i n i n g  e x c e s s  
z i n c  w ere  e x t r e m e ly  s e n s i t i v e  t o  t r a c e s  o f  w a t e r .  I t  was 
o b s e rv e d  t h a t  t h e  r e s i d u e  r a p i d l y  l o s t  i t s  m e t a l l i c  c o l o r  
and  becam e c o a t e d  w i t h  a w h i t e  s l i m e .  One r e s i d u e  was t r e a t e d  
w i t h  d r y  m e th a n o l  and s u c c e s s i v e  p o r t i o n s  o f  m e th a n o l  c o n ­
t a i n i n g  a b o u t  20$6,by v o lu m e , o f  w a t e r .  A f t e r  e a c h  s u c c e s s i v e  
w a s h in g  w i t h  w e t  a l c o h o l ,  t h e  r e s i d u e  w as d r i e d  and w e ig h e d .
I t  w as fo u n d  t h a t  th e  c o n t e n t s  o f  t h e  c r u c i b l e  c o n s t a n t l y  
g a in e d  w e ig h t  and t h a t  e v e n t u a l l y  t h e  c r u c i b l e  p lu g g e d .  S in c e  
t h e  c r u c i b l e  p o r e s  w ere  r a p i d l y  opened  by  w a s h in g  w i t h  d i l u t e  
HC1 i t  was assum ed t h a t  t h e  p l u g g i n g  a g e n t  was e i t h e r  z in c  
h y d r o x id e  o r  a h y d ro u s  z i n c  o x id e  c a u s e d  by  r e a c t i o n  o f  z in o  
m e t a l  w i t h  t h e  w a t e r .  R e l i a b l e  w e ig h t  c h a n g e s  i n  t h e  r e s i d u e  
r e s u l t i n g  f ro m  t h e  r e a c t i o n  o f  z i n c  w i t h  m e th a n o l i c  s i l v e r  
n i t r a t e  c o u l d ,  t h u s ,  o n ly  be  o b t a i n e d  i f  t h e  r e s i d u e s  w ere  
w ashed  w i t h  d r y  m e th a n o l .
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(2) C o b a lt  — D i lu t e  s o l u t i o n s  o f  s i l v e r  n i t r a t e  r e a c te d  
s lo w ly  w i th  m e t a l l i c  c o b a l t  t o  p roduce  a wine—red  s o l u t i o n  
and d e p o s i t  s i l v e r  c r y s t a l s .  When, how ever, v e ry  f i n e l y  
d iv id e d  c o b a l t  powder was employed th e  f l a s k s  became n o t i c e ­
a b ly  warm. A ttem pts  t o  p r e p a r e  more c o n c e n t r a t e d  s o l u t i o n s  
by s im ply  a d d in g  more s o l i d  s i l v e r  n i t r a t e  t o  th e  f l a s k s  
caused  th e  s o l u t i o n s  to  b e g in  b o i l i n g .  S e v e ra l  f l a s k  s t o p ­
p e r s  were blown o u t w i th  c o n s id e r a b le  v io le n c e  when th e  
sam ples were a llow ed  to  h e a t  up. As a r e s u l t ,  i t  was n ec es ­
s a ry  to  immerse th e  s e a le d  f l a s k s ,  c o n ta in in g  l a r g e  q u a n t i ­
t i e s  o f  r e a c t a n t s ,  i n  a c o n s ta n t  te m p e ra tu re  b a th  m a in ta in e d  
a t  16° C.
When e x c e s s  c o b a l t  m e ta l  was employed on ly  d i v a l e n t  
c o b a l t  was formed b u t  when e x c e ss  s i l v e r  n i t r a t e  was u sed , 
th e  p ro d u c ts  o f th e  r e a c t i o n  appeared  to  depend upon th e  
t e m p e r a tu r e .  S in ce  c o b a l t  i s  known to  form  t r i v a l e n t  com­
p le x e s  t h i s  o b s e r v a t io n  su g g e s te d  t h a t  i t  m ig h t be p o s s i b l e  
t o  p roduce  c o b a l t ( I I I )  n i t r a t e  i n  m e th an o l ,  u s in g  e x c ess  
s i l v e r  n i t r a t e .  This p o s s i b i l i t y  was t e s t e d  by s tu d y in g  th e  
r e a c t i o n s  a t  roam te m p e ra tu re  and a t  6 5 °C .(u n d e r  t o t a l  r e f l u x ) .
M ix tu re s  o f  c o b a l t  and e x c e ss  s i l v e r  n i t r a t e  were 
a llo w ed  t o  s ta n d  f o r  two months a t  room te m p e r a tu r e .  Q u a l i­
t a t i v e  t e s t s  on th e  s u p e r n a ta n t  a f t e r  t h i s  tim e in d ic a t e d  th e  
p re s e n c e  o f  l a r g e  q u a n t i t i e s  o f  u n r e a c te d  s i l v e r  p r e s e n t  i n  
th e  s o l u t i o n .
S e v e ra l  t e s t s  were made i n  m e th an o l u n d e r  t o t a l  r e ­
f l u x .  F o r  t h i s  p u rp o se  a g l a s s  s to p p e re d ,  round bo ttom  f l a s k  
was co n n ec ted  t o  an  e f f i c i e n t  r e f l u x  c o n d e n s e r ,  a 10 cm i n f r a —
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r e d  g a s  c e l l  h a v in g  s i l v e r  c h l o r i d e  w indow s, and an  a i r  l o c k  
c o n s t r u c t e d  o f  two g a s  w a sh in g  b o t t l e s  c o n n e c te d  t o  e a c h  
o t h e r  by means o f  t h e i r  lo n g  d i p  t u b e s .  The a i r  l o c k  a r r a n g e ­
m ent and i t s  o p e r a t i o n  i s  d e s c r i b e d  i n  A ppend ix  I .
I n  a t y p i c a l  e x p e r im e n t ,  1 .0  gram o f  c o b a l t  and 5*0  
gram s o f  s i l v e r  n i t r a t e  w ere c h a rg e d  i n t o  a round  b o tto m  
f l a s k  and c o v e re d  w i th  50 ml o f  d ry  m e th a n o l .  A f t e r  1 /2  
h o u r  u n d e r  t o t a l  r e f l u x  t h e  s u p e r n a t a n t  gave no  s i l v e r  t e s t ,  
so  2 . 0  more gram s o f  s i l v e r  n i t r a t e  was a d d e d .  I t  was n o te d  
t h a t  w i t h  th e  a d d i t i o n  o f  t h i s  p o r t i o n  o f  s i l v e r  n i t r a t e  a 
g a s  s lo w ly  b egan  t o  e v o l v e .  A t 1/2 h o u r  i n t e r v a l s  two more 
2.0  gram p o r t i o n s  o f  s i l v e r  n i t r a t e  w ere  added and a v ig o r o u s  
e v o l u t i o n  o f  g a s  was n o te d  w i t h  e a c h  s u c c e s s i v e  a d d i t i o n .  At 
th e  end o f  3 h o u r s  th e  g a s  e v o l u t i o n  had  c e a s e d  and t h e  s u p e z ^  
n a t a n t  gave no  s i l v e r  t e s t .
C a l c u l a t i o n s :  C o b a l t  u sed  = 0 .0 1 7  m o les
To form  Co++ s h o u ld  consume 0 .0 3 4  m o le s  AgNO^ 
o r  5-8 g ram s .
To form  Co+++ sh o u ld  consume 0 .0 5 1  m o les  AgNO^ 
o r  8 .7  g ram s .
A c tu a l  c o n s u m p tio n  o f  AgNOj = 1 1 . 0  gram s
The s o l u t i o n  was s e p a r a t e d  from  t h e  r e s i d u e  by 
f i l t r a t i o n  w h i le  h o t .  On c o o l i n g ,  a s m a l l  m ass o f  r e d  c r y s ­
t a l s  was p r e c i p i t a t e d  from  th e  s o l u t i o n .  A few  c r y s t a l s  w ere 
c o v e re d  w i t h  one ml o f  w a t e r  and no g a s  e v o l u t i o n  was ob­
s e r v e d .  The r e s i d u e  was e x t r a c t e d  w i t h  w a t e r  t o  s e e  i f  i t  
c o n t a in e d  a n  i n s o l u b l e  compound c o n t a i n i n g  Ag+ . No e v id e n c e
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f o r  Ag+ was fo u n d .
The g as  ev o lv ed  from th e  r e a c t i o n  was an a ly z e d  by 
i n f r a - r e d  s p e c tro s c o p y  u s in g  a P e rk in —iSliner Model 21 i n f r a - r e d  
S p e c t ro m e te r .  A com parison  o f  th e  cu rve  o b ta in e d  w i th  known 
r e f e r e n c e  c u rv e s  i n d i c a t e d  t h a t  th e  gas was a complex m ix tu re  
c o n ta in in g  C O N 20,  CH^ONO and a m a t e r i a l  t e n t a t i v e l y  i d e n t i ­
f i e d  as  HCOOH on th e  b a s i s  o f  a s t r o n g  a b s o r p t io n  band cen ­
t e r e d  a t  1750 cm*"1 . A t a b u l a t i o n  o f  th e  s p e c t r a l  bands and 
t h e i r  a s s ig n m e n ts  i s  g iv e n  i n  Table V I I I .
S e v e ra l  r e d  c r y s t a l s  were h e a te d  i n  a tu b e  c o n ta in ­
ing  a few c r y s t a l s  o f  " I n d i c a t i n g  D r i e r i t e " . The " D r i e r i t e "  
r a p i d l y  tu rn e d  red  i n d i c a t i n g  t h a t  th e  red  c r y s t a l s  were 
p ro b a b ly  a h y d ra te d  n i t r a t e  o f  d i v a l e n t  c o b a l t .
S e v e ra l  p a r a l l e l  e x p e r im e n ts  were perfo rm ed  t o  t e s t  
w h e th e r  s i l v e r  n i t r a t e  a lo n e  ev o lv ed  a g as  upon h e a t in g  w i th  
me t h a n o l .
(a )  Two grams o f  s i l v e r  n i t r a t e  was co vered  w i th  25 ml 
o f  d ry  m e th an o l and r e f lu x e d  f o r  t h r e e  h o u r s .  No g as  was 
e v o lv e d .
(b) Two grams o f  powdered g l a s s  was added t o  th e  s o lu — 
t i o n  i n  ( a )  and the  h e a t in g  c o n t in u e d  f o r  s e v e r a l  h o u rs  m ore. 
No g as  was e v o lv e d .
From th e s e  e x p e r im e n ts  i t  was conc luded  t h a t  th e  gas 
e v o l u t i o n  had t o  come from i n t e r a c t i o n  o f  th e  c o b a l t  w i th  th e  
s o lv e n t  r a t h e r  th a n  by d i r e c t  r e a c t i o n  o f  th e  s i l v e r  n i t r a t e  
w i th  th e  s o lv e n t  o r  by g e n e r a l  h e te ro g e n e o u s  c a t a l y s i s  on th e  
w a l l  o f  th e  g l a s s  v e s s e l .
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Table VIII
S pectrum  o f  Has E vo lved  from  C o b a l t  and E x ce ss  S i l v e r  N i t r a t e
U nder T o ta l  R e f lu x
S p a c in g  I n t e n s i t y  A ssignm en t S p a c in g  I n t e n s i t y  A ssignm en t
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C o n tin u ed  on page 34  —
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Table VIII cont.
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(3) Lead — Samples p re p a re d  from s o l u t i o n s  c o n t a in i n g  n e a r l y  
e q u i v a l e n t  amounts o f  s i l v e r  n i t r a t e  and le a d  o r  c o n ta in in g  
e x c e s s  s i l v e r  n i t r a t e  gave c o l o r l e s s  s o l u t i o n s  from  w hich  a 
c o l o r l e s s ,  p o o r ly  c r y s t a l l i n e  compound was observed  t o  sepa­
r a t e .  S o lu t io n s  o f  t h i s  compound gave —FbP^ upon r e a c t i o n
w i th  m e th a n o l ic  NH^F. Q u a l i t a t i v e  t e s t s  on w a te r  s o l u t i o n s
'I  war
of t h i s  m a t e r i a l  i n d i c a t e d  th e  p re s e n c e  o f  Fb and NO^ , b u t  
no i n d i c a t i o n  o f  s i l v e r  was o b ta in e d .  S in ce  th e  s o l u b i l i t y  
o f  l e a d ( I I )  n i t r a t e  i n  m e th an o l i s  a p p r e c i a b l y  l e s s  th a n  t h a t  
o f  s i l v e r  n i t r a t e  t h e r e  co u ld  be l i t t l e  q u e s t i o n  t h a t  th e  
o v e r a l l  p r o c e s s  was th e  f o rm a t io n  o f  PbfNO^)^ and i t s  c r y s ­
t a l l i z a t i o n  from th e  s o l v e n t .
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When l a r g e  e x c e s s e s  o f  l e a d  were employed th e  r e ­
s u l t a n t  s o l u t i o n s  were p a l e  y e l lo w  and rem ova l o f  th e  s o l ­
v e n t  p ro d u ced  a y e l lo w  c r u s t  w h ich  had a d e t e c t a b l e  v a p o r  
p r e s s u r e  o f  NO2 a t  room te m p e r a tu r e .  A f t e r  a l lo w in g  th e s e  
r e s i d u e s  t o  s ta n d  i n  a 110°C. oven f o r  s e v e r a l  h o u r s ,  th e
y e l lo w  p r o d u c t  c o n ta in e d  some PbtNO^)^ b u t  on h e a t i n g  f o r
os e v e r a l  weeks a t  110 C. was c o n v e r te d  t o  PbO. The v e ry  low 
s o l u b i l i t y  of t h i s  m a t e r i a l  i n  th e  s o lv e n t  p r e c lu d e d  much 
work on i t  b e c a u se  th e  f i r s t  n e c e s s a r y  s t e p  i n  i t s  c h a ra c ­
t e r i z a t i o n  would be s e p a r a t i o n  from  th e  l a r g e  e x c e s s  o f  un— 
r e a c t e d  l e a d .
In  a p a r a l l e l  e x p e r im e n t  a s o l u t i o n  o f  an h y d ro u s  
Pb(N0^)2 was p a s se d  th r o u g h  a column packed  w i th  le a d  s h o t  
and pow der. The e l u t e d  s o l u t i o n  was o b se rv e d  t o  be y e l lo w .
(L\.) B ism u th  — B ism uth  r e a c t s  v ig o r o u s l y  w i th  s i l v e r  n i t r a t e  
fo rm in g  a c o l o r l e s s  s o l u t i o n  and d e p o s i t i n g  s i l v e r  n e e d l e s .  
B o th  th e  r e s id u e  and th e  s o l u t i o n  a r e  v e ry  s u s c e p t i b l e  t o  
h y d r o l y s i s .  F i l t r a t i o n  o f  th e s e  s o l u t i o n s  i n  th e  a tm osphere  
a lw ays le d  t o  somewhat murky f i l t r a t e s  and r a t h e r  h ig h  b u t  
v a r i a b l e  w e ig h ts  o f  r e s i d u e .  An a t t e m p t  was made t o  p r e p a re  
a c l e a r  s o l u t i o n  by f i l t r a t i o n  o f  th e  r e a c t i o n  m ix tu re  i n  a 
d ry  box m a in ta in e d  a t  a dew p o i n t  o f  —60°C. ( S a t u r a t i o n  
v a p o r  p r e s s u r e  o f  w a te r  a t  —60°C. i s  8 .1  x  10""a mm H g.) To 
a c c o m p l ish  t h i s  a l l  eq u ipm en t i n c l u d i n g  th e  f i l t e r  p a p e r  w ere 
d r i e d  a t  1 1 0 °C. f o r  one h o u r  and th e n  s t o r e d  i n  th e  d ry  box 
f o r  s i x  h o u rs  b e f o r e  u s e .  A c l e a r  s o l u t i o n  was o b ta in e d  b u t  
t h i s  tu rn e d  murky w i t h i n  5 m in u te s .  I t  was d e m o n s tra te d  t h a t
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t r a c e s  o f  w a te r  were c a u s in g  th e  o p a c i f i c a t i o n  b e c a u se  c l e a r  
s o l u t i o n s  c o u ld  be p rep ared  by s y n t h e s i s  i n  a c l o s e d  sy s tem  
w h ich  c o n t a in e d  a i r .
S y n t h e s i s  i n  a c lo s e d  sy s tem  was a c c o m p lish e d  by  
f i t t i n g  a g l a s s  w oo l p lu g  i n t o  an e x t r a c t i o n  f u n n e l  equ ip ped  
w i t h  a s id e  arm t o  e q u a l i z e  p r e s s u r e .  Dry b ism u th  and s i l v e r  
n i t r a t e  were p la c e d  on th e  p lu g  and th e  f u n n e l  was c o n n e c te d  
t o  a d r y ,  round b ottom  f l a s k .  The s t o p c o c k  on th e  f u n n e l  was 
c lo s e d  and r e d i s t i l l e d  m eth a n o l was ad d ed . The w h ole  system  
was s e a l e d  and a l lo w e d  t o  s ta n d  f o r  one week s o  t h a t  th e  
b ism u th  n i t r a t e  formed in  th e  f u n n e l  c o u ld  scru b  o u t  th e  w a t e r .  
A f t e r  t h i s  t im e ,  th e  s to p c o c k  was opened and th e  c l e a r  s o l u ­
t i o n  s l o w l y  f i l t e r e d  th r o u g h  th e  g l a s s  w o o l p lu g  i n t o  th e  
lo w e r  r e c e i v e r  p r o d u c in g  a c l e a r  s o l u t i o n  w h ich  rem ained c l e a r  
u n t i l  th e  sy s tem  was op en ed . .A d d it ion  o f  s e v e r a l  d rop s o f  
m eth a n o l doped w i t h  a l i t t l e  w a te r  produced an im m ediate heavy  
p r e c i p i t a t e .
In a secon d  e x p e r im e n t  th e  lo w e r  r e c e i v e r  was 
p a r t i a l l y  f i l l e d  w i t h  m e th a n o l ic  ammonium f l u o r i d e  s o l u t i o n .
The p r e c i p i t a t e  form ed i n  th e  c l o s e d  sy s tem  gave  an x—ra y  
powder p a t t e r n  i d e n t i c a l  w i th  t h a t  produced from  s o l u t i o n s  
f i l t e r e d  i n  th e  room. I t  was th u s  co n c lu d e d  t h a t  th e  r e a c t i o n  
b e tw e en  b ism u th  and s i l v e r  n i t r a t e  produced t r i v a l e n t  b ism u th .  
T h is  p r o d u c t  r e a c t e d  w i t h  ammonium f l u o r i d e  t o  g i v e  ammonium 
t e t r a f l u o r o b i s m u t h a t e ( I I l ) ,  b u t  th e  in t e r m e d ia t e  s o l u t i o n s  
w ere v e r y  s e n s i t i v e  t o  h y d r o l y s i s .
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(5 )  M anganese — Manganese r e a c t e d  sm o o th ly  w i th  s i l v e r  
n i t r a t e  t o  p ro d u ce  v e r y  p a l e  y e l l o w i s h  s o l u t i o n s  ( p a l e  f l e s h ) .  
Long c o n t a c t ,  how ever, p ro d u c e d  a s e c o n d a ry  r e a c t i o n  i n  w h ich  
th e  s o l u t i o n s  tu r n e d  b row n. T h is  d a r k  brown m a t e r i a l  was in ­
s o l u b l e  i n  th e  s o l v e n t ,  b u t  a p p e a re d  t o  be o f  c o l l o i d a l  i n  
n a t u r e .  Only a f t e r  s t o r i n g  th e  s o l u t i o n s  s e v e r a l  m onths c o u ld  
th e  s o l u t i o n s  be f i l t e r e d  and e v e n  t h e n  o n ly  w i t h  e x tre m e  d i f ­
f i c u l t y .  The brown m a t e r i a l  te n d e d  t o  p a s s  th r o u g h  c o a r s e  
f i l t e r s  and p lu g  f i n e  o n e s .  The brown m a t e r i a l  was o b se rv e d  
t o  be i n s o l u b l e  in  w a t e r  b u t  e a s i l y  s o l u b l e  i n  6M HC1. I t  
was u n a f f e c t e d  by d r y in g  o r  f l a m i n g .
I t  was i n i t i a l l y  th o u g h t  t h a t  th e  s e c o n d a ry  r e a c t i o n  
m ig h t  be c a u se d  by th e  a c t i o n  o f  l i g h t  o r  w a t e r ,  b u t  e x p e r i ­
m en ts  r u n  i n  c o n t a i n e r s  c o m p le te ly  w rapped  i n  aluminum f o i l  
and s t o r e d  i n  c a b i n e t s  r e s u l t e d  i n  th e  same brown p r o d u c t  
ev e n  when v e r y  c a r e f u l l y  p r e d r i e d  r e a g e n t s  w ere  u s e d .
A d d i t io n  o f  ammonium f l u o r i d e  t o  t h e  f i l t e r e d  s o lu ­
t i o n s  from  th e  r e a c t i o n  r e s u l t e d  i n  t h e  f o r m a t i o n  o f  ammonium 
t r i f l u o r o m a n g a n a t e ( I I ) . Some o f  t h e  sa m p les  w ere c o n ta m in a te d  
w i t h  m a n g a n e s e ( I I )  f l u o r i d e  b u t  th e  p r o d u c t i o n  o f  th e  b i n a r y  
f l u o r i d e  c o u ld  n o t  be r e l a t e d  t o  any o b v io u s  d i f f e r e n c e  i n  ex­
p e r i m e n t a l  p ro c e d u re  from  one e x p e r im e n t  t o  a n o t h e r .
O th e r  e le m e n ts  a r e  th o u g h t  t o  u n d e rg o  s im p le  d i s ­
p la c e m e n t  r e a c t i o n s  s i m i l a r  t o  th o s e  d e s c r i b e d  i n  th e  p r e v io u s  
p a g e s ,  b u t  have  n o t  b e e n  c h a r a c t e r i z e d  a s  su c h  by c o m p a r iso n  
o f  th e  s t o i c h i o m e t r y  d e r iv e d  from  w e ig h t  ch a n g e s  w i t h  t h a t  i n ­
d i c a t e d  by th e  f l u o r i d e  d e r i v a t i v e .  E x p e r im e n ta l  d e t a i l s
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l e a d in g  t o  the  i n c l u s i o n  o f  th e s e  e le m e n ts  in  t h i s  group are  
g iv e n  b e lo w .
(6 )  T hallium  — Tnallium  r e a c te d  w i t h  s i l v e r  n i t r a t e  to
produce a c o l o r l e s s  s o lu t i o n  which c o n ta in e d  th a l l o u s  io n .
The r e a c t i o n  w as, h ow ever, c o m p lic a te d  by th e  f a c t  t h a t  the
t h a l l i u m ( I )  n i t r a t e  formed was i n s o l u b l e  in  th e  s o l v e n t .  I t
was a l s o  noted  t h a t  a s id e  r e a c t i o n  occu rred  b etw een  th e
t h a l l iu m  and m eth a n o l.  T his s id e  r e a c t i o n  appeared t o  r e s u l t
in  th e  fo r m a t io n  o f  a y e l l o w  c o a t in g  on th e  m e t a l ,  th u s
l e a v i n g  the  s u r fa c e  u n a v a i la b le  t o  a t t a c k  by e i t h e r  s i l v e r
n i t r a t e  or  more s o l v e n t .  The s id e  r e a c t i o n  was p ro b a b ly  o f
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the  ty p e  d e s c r ib e d  by Kahlbaum and h i s  c o w o rk ers . S in c e  
no s o l i d  d e r i v a t i v e  formed when m e th a n o l ic  ammonium f l u o r i d e  
was added, no f u r t h e r  work was done on th e  sy s te m .
(7) Magnasium — Magnesium re a c te d  v ig o ro u s ly  w ith  s i l v e r  
n i t r a t e ,  b u t a gas was always evo lved  from th e  s o l u t i o n s .  A 
q u a l i t a t i v e  t e s t  on a sm all sample of th e  gas tra p p e d  in  an 
in v e r te d  t e s t  tube  in d ic a te d  t h a t  i t  was hydrogen . The forma­
t i o n  of hydrogen was a t t r i b u t e d  to  a s id e  r e a c t i o n  between 
magnesium and th e  s o lv e n t  to  form th e  w e l l  known m ethox ide .
In  view of t h i s  c o m p lic a t io n  no f u r t h e r  work was done w ith  
th e  system .
(8 )  Lanthanum — Lanthanum behaved v e r y  s i m i l a r  t o  magnesium.
(9) Cadmium — Cadmium r e a c te d  only  s u p e r f i c i a l l y  w i th  s i l v e r  
n i t r a t e ,  i f t e r  th r e e  months of c o n ta c t  th e  s o lu t i o n s  co n -
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t a i n e d  l a r g e  am o u n ts  o f  u n r e a c t e d  s i l v e r  n i t r a t e .  A d d i t i o n  
o f  m e t h a n o l i c  ammonium f l u o r i d e  t o  t h e  c o l o r l e s s  f i l t r a t e  
c a u s e d  t h e  f o r m a t i o n  o f  a s m a l l  q u a n t i t y  o f  c a d m iu m (I I )  f l u o ­
r i d e  .
I t  w as fo u n d  t h a t  a q u a n t i t a t i v e  d i s p l a c e m e n t  c o u l d ,  
h o w e v e r ,  be p e r f o rm e d  by  t h e  f o l l o w i n g  i n d i r e c t  p r o c e d u r e s
( a )  R e a c t i o n  o f  s i l v e r  n i t r a t e  w i t h  e x c e s s  b i s m u th  t o  
p ro d u c e  t h e  b i s m u th  s a l t .
(b )  R e a c t i o n  o f  t h e  b i s m u th  s a l t  w i t h  m e t a l l i c  cadmium 
p ro d u c e d  cadmium n i t r a t e  v e r y  r a p i d l y  w i t h  t h e  p r e c i p i t a t i o n  
o f  e l e m e n t a r y  b i s m u th .  T h is  r e a c t i o n  was q u i t e  v i o l e n t  and 
h ad  t o  be h a n d le d  w i t h  g r e a t  c a r e  t o  a v o id  e x c e s s i v e  h e a t .
S t o i c h i o m e t r i c  w e ig h t  c a l c u l a t i o n s  c o u ld  n o t  be  
made on t h e  i n d i r e c t  r e a c t i o n  b e tw e e n  s i l v e r  n i t r a t e ,  b i s m u th  
and cadmium b e c a u s e  some h y d r o l y s i s  o f  t h e  b i s m u th  compound 
a lw a y s  o c c u r r e d  and t h e  p r o d u c t  n i t r a t e  was o n ly  f e e b l y  s o l u b l e  
i n  t h e  s o l v e n t .  P r e c i p i t a t i o n  w i t h  NH^F p ro d u c e d  p u r e  CdF^.
(1 0 )  T in  — T in  r e a c t e d  s u p e r f i c i a l l y  w i t h  s i l v e r  n i t r a t e ,  
b u t  c o u ld  be made t o  r e a c t  q u a n t i t a t i v e l y  by  u s i n g  t h e  s i l v e r  
n i t r a t e —b is m u th  r e a c t i o n  a s  an  i n t e r m e d i a t e  s t e p .  A l l  d e r i v a ­
t i v e s  fo rm ed  w e re ,  h o w e v e r ,  am orphous t o  x—r a y s .  The c l e a r  
s o l u t i o n  r e a c t e d  w i t h  d i l u t e ,  a l c o h o l i c  H2S t o  g i v e  a g o ld e n  
y e l lo w  s u l f i d e  (& 1S2 ) .  R e a c t i o n  o f  t h e  s o l u t i o n  w i t h  NH^F 
g av e  a w h i t e  s o l i d  w h ic h  gave  q u a l i t a t i v e  t e s t s  f o r  t i n ,  
ammonium i o n  and f l u o r i d e  i o n  b u t  w as am orphous t o  x—r a y s .
ko
(11) N ic k e l  — N ic k e l  ga«/e o n ly  t r a c e s  o f  r e a c t i o n  w i th  
s i l v e r  n i t r a t e ,  b u t  r e a c t i o n s  co u ld  be a c c e l e r a t e d ,  m a rk e d ly ,  
by em ploying  th e  b ism u th  i n t e r m e d i a t e .  R e a c t io n  o f  t h i s  
d e r i v a t i v e  w i th  NH^k a t  room te m p e ra tu r e  gave a f l u o r i d e  
w h ich  was i d e n t i f i e d  a s  diammonium t e t r a f l u o r o n i c k e l a t e ( I I )  
by co m p ar iso n  o f  i t s  x—ra y  powder d i f f r a c t i o n  p a t t e r n  w i th  
t h a t  o f th e  compound s y n th e s iz e d  by Jo h n so n , C ro c k e t  and
«r>ry
H a e n d le r .^  T h is  f l u o r i d e  d e r i v a t i v e  w as, how ever, v e ry  
g e l a t i n o u s  and d i f f i c u l t  t o  f i l t e r  and w ash . An a t t e m p t  was 
made t o  i n c r e a s e  th e  c r y s t a l  s i z e  o f  th e  p r e c i p i t a t e  by 
d i g e s t i o n  f o r  two weeks i n  an oven m a in ta in e d  a t  60°C. An 
x—r a y  powder d i f f r a c t i o n  p a t t e r n  o f  th e  p r o d u c t  i n d i c a t e d  
t h a t  th e  m a t e r i a l  c o n ta in e d  a p p r e c i a b l e  am ounts o f  amorphous 
m a t t e r .
(12) Copper — The r e a c t i o n  b e tw een  c o p p e r  and s i l v e r  
n i t r a t e ,  i n  m e th a n o l ,  was v e r y  com plex . I t  was found  t h a t  
th e  n a t u r e  o f  t h e  r e a c t i o n  and th e  p ro d u c t s  form ed ap p eared  
t o  be v e ry  d e p e n d e n t upon th e  e x p e r im e n ta l  c o n d i t i o n s  u s e d .
A l l  r a t i o s  o f  c o p p e r  t o  s i l v e r  n i t r a t e  o f  0 .5 0 0  and 
g r e a t e r  (Cu/AgNO^ = 0 .5 0 0 ) ,  when a l lo w ed  t o  s ta n d  i n  s t a t i c  
e q u i l i b r iu m  a t  room te m p e r a tu r e ,  te n d ed  t o  form  a b l u i s h -  
g r e e n  s o l u t i o n  w h ich  c o n ta in e d  no s i l v e r .  W eight ch a n g es  i n  
th e  r e s i d u e s  y i e l d e d  a c o n s t a n t  r a t i o  o f  1.83 f o r  th e  number 
o f  m oles  o f  n i t r a t e  t o  c o p p e r  based  upon th e  a s s u m p tio n  t h a t  
a l l  th e  n i t r a t e  was p r e s e n t  i n  th e  s o l u t i o n  (NO^/Cu *  I . 83) .  
E x t r a c t i o n  o f  th e  r e s i d u e s  w i th  b o th  m e th a n o l and w a te r  i n d i —
i n
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c a te d  t h a t  no in s o l u b l e  s p e c i e s  c o n t a in i n g  Ag was p r e s e n t  
i n  th e s e  r e s i d u e s  and l e n t  c re d e n c e  t o  th e  p o s t u l a t e  t h a t  
a l l  th e  n i t r a t e  was p r e s e n t  i n  th e  s o l u t i o n .
S e v e r a l  s o l u t i o n s  were a n a ly s e d  f o r  c o p p e r  c o n te n t  
by p i p e t t i n g  a known volume o f  s o l u t i o n  i n t o  an  E rlen m ey er  
f l a s k ,  ad d in g  w a te r  c o n t a in i n g  a sm a ll  amount o f  n i t r i c  a c i d ,  
e v a p o r a t in g  u n t i l  th e  l i q u i d  r e s id u e  re a c h e d  a te m p e ra tu re  
o f  100°C .,  c o o l in g  and a n a ly z in g  io d o m e t r i e a l l y  u s in g  th e  
p ro c e d u re  o f  K o l th o f f  and S a n d e l l .  The n i t r a t e  t o  c o p p e r  
r a t i o  was once a g a in  c a l c u l a t e d  assum ing  t h a t  a l l  th e  n i t r a t e  
io n  was p r e s e n t  i n  th e  s o l u t i o n .
P a r t i a l  r e s u l t s  o f  a number o f  e x p e r im e n ts  em ploying 
w id e ly  v a ry in g  r a t i o s  o f  Cu/AgNO^ and v a r io u s  m o l a r i t i e s  a r e  
g iv e n  i n  Table DC.
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Table ±X
S o lu t io n s  o f  Copper and S i l v e r  N i t r a t e  Allowed t o  S tand  
At S t a t i c  E q u i l ib r iu m  a t  Room T em pera tu re  (22—5 Deg. C .)
S o l u t i o n
I n i t i a l  R a t io  o f
R a t io  
o f  NOo/Cu
_______    __ d e te rm in ed
M olar I n i t i a l  Time NO^/Cu from by c o p p e r
Sample R a t io  o f  M o la r i ty  i n  w e ig h t  change a n a l y s i s
Number Cu/AgNCh o f  AgNO^ davs i n  r e s id u e  ___  o f  s o l u t i o n
1 1.001 0 . 2156*  20 1.81*4 1.813
2 1.00 0 .1 1 9  6 1 .8 3 1
3 2 .0 8 5  0 .2 2 7 9 *  20 1.861 1 .8 4 5
4 10 .55  0 . 1918*  20 1.868 1 .865
5 1 2 .5 7  0 .0 2 4 5  13 1 .8 3 1
6 1 9 .8 9  0 ; 1040*  20 1.842 I .830
7 2 0 .1 1  0 .2 3 5 5  4  1.806
M o la r i ty  c a l c u l a t e d  from  known m o l a l i t y  u s in g  th e  d e n s i t y  
o f  m e th a n o l a t  22°C. and assum ing  no volume e f f e c t  due to  
th e  p r e s e n c e  o f  d i s s o lv e d  s a l t s .
A lth o u g h  th e  a n a l y t i c a l  r e s u l t s  o b ta in e d  by a n a l y s i s  
o f  th e  s o l u t i o n s  w ere v e ry  s l i g h t l y  lo w e r  th a n  th o s e  o b ta in e d  
by w e ig h t  changes  i n  th e  r e s i d u e s  th e  d i f f e r e n c e s  a r e  n o t  
c o n s id e r e d  t o  be s i g n i f i c a n t  f o r  two r e a s o n s ;
(a )  Any s u r f a c e  o x i d a t i o n  w h ich  o c c u r re d  on d ry in g  
would te n d  t o  r a i s e  th e  w e ig h t  o f  m e ta l  a p p a r e n t ly  l e f t  a t  
th e  end o f  th e  r e a c t i o n .  T h is  would th e n  o b v io u s ly  lo w er  
th e  amount o f  copper c a lc u l a t e d  t o  have b e e n  d i s s o lv e d  and
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r a i s e  t h e  n i t r a t e  t o  c o p p e r  r a t i o .
(b )  The s o l u t i o n s  em ployed  i n  t h e  a n a l y s i s  w ere  p r e ­
p a r e d  b y  e m p lo y in g  known w e ig h t s  o f  c o p p e r ,  s i l v e r  n i t r a t e  
and  m e th a n o l .  The c o n v e r s i o n  o f  m o l a l i t y  t o  m o l a r i t y  t h u s  
r e q u i r e d  a know ledge o f  t h e  d e n s i t y  o f  m e th a n o l  a t  t h e  
t e m p e r a t u r e  i n  t h e  l a b o r a t o r y  and t h e  a s s u m p t io n  t h a t  f o r  
d i l u t e  s o l u t i o n s  t h e r e  w ould  be no  volum e e f f e c t  c a u s e d  b y  
t h e  d i s s o l u t i o n  o f  s o l i d s  i n t o  t h e  m e th a n o l .  I t  was 
o b s e rv e d  t h a t  t h e  a d d i t i o n  o f  10 g ram s o f  d r y  s i l v e r  n i t r a t e  
t o  1 l i t e r  o f  m e th a n o l  c a u s e d  no  a p p a r e n t  ch a n g e  i n  t h e  
volum e m e a su re d  i n  a v o l u m e t r i c  f l a s k ,  b u t  i t  i s  e v i d e n t  
t h a t  th e  a s s u m p t io n  o f  no ch an g e  i n  volum e i s  a n  a p p r o x i ­
m a t io n .
S o l u t i o n s  p r e p a r e d  by  t h e  s t a t i c  m ethod  o u t l i n e d  
above r e a c t e d  w i t h  m e th a n o l l c  ammonium f l u o r i d e  t o  g iv e  p a l e  
b l u e  ammonium t r i f l u o r o c u p r a t e ( I I )  a s  i d e n t i f i e d  by  c o m p a r i ­
s o n  o f  t h e  x - r a y  pow der d i f f r a c t i o n  p a t t e r n  w i t h  p u b l i s h e d
PQ
v a l u e s .  7 The ammonium t r i f l u o r o c u p r a t e ( I I ) , h o w e v e r ,  w as 
a lw a y s  c o n ta m in a te d  w i t h  s m a l l  am oun ts  o f  ammonium t e t r a — 
f l u o r o c u p r a t e ( I I )  and some p h o to g r a p h s  a l s o  i n d i c a t e d  t h a t  
s m a l l  am oun ts  o f  c o p p e r ( I I )  h y d r o x y f l u o r l d e  w ere  a l s o  p r e s e n t .
When t h e  n i t r a t e  s o l u t i o n s  w ere  h y d r o ly z e d  i t  was 
o b s e rv e d  t h a t  m o s t  o f  t h e  m a t e r i a l  was s o l u b l e ,  b u t  t h e r e  was 
a lw a y s  a s m a l l  am ount o f  a p a l e  b l u e ,  i n s o l u b l e  m a t e r i a l  
f o r m e d .
C o n s i d e r a t i o n  o f  t h e  e x p e r im e n t  o u t l i n e d  b e lo w  w i l l  
i l l u s t r a t e  w h a t  o c c u r r e d  when " c o p p e r  n i t r a t e "  s o l u t i o n s
k k
were a llow ed  t o  rem ain  i n  c o n s t a n t ,  i n t im a te  c o n t a c t  w i th  
l a r g e  e x c e s s e s  o f  m e t a l l i c  c o p p e r .
(a )  IWo 20.00 ml p o r t i o n s  o f  " c o p p e r  n i t r a t e "  from 
sample 3 o f  Table IX were p i p e t t e d  i n t o  f l a s k s  c o n t a in i n g
50 ml o f  w a te r  and 1 m l of HNO^. The s o l u t i o n s  were e v a p o r­
a te d  to  remove m e th a n o l ,  b o i l e d  t o  e x p e l  n i t r o u s  fumes and
an a ly ze d  f o r  c o p p e r  c o n t e n t  w i th  0 .1 0 0 0  N sodium t h i o s u l f a t e
28u s in g  an a d a p t a t i o n  o f  th e  method o f  K o l th o f f  and S a n d e l l .  
R e s u l t s  a r e  g iv e n  be low .
Sample I  ml NagSgO-j -  12.61j.
Sample I I  ml NagSgO^ = 12 .62
Moles o f  c o p p e r /2 0  ml «  1 .2 6 3  x  loT*
(b) i  25 cm e l e c t r o l y t i c  c o p p e r  d u s t  column was p re ­
p a red  by p o u r in g  c o p p e r  d u s t  i n t o  a b u r e t  f i t t e d  w i th  a v e ry
t i g h t  g l a s s  wool p lu g .  The column was washed w i th  f o u r  10 ml
p o r t i o n s  o f  d ry  m e th a n o l .  (C o n ta c t  t im e i n  th e  column e s t i ­
mated as  30 m in u t e s . )  10 ml o f  th e  m e th an o l e l u t e d  from  th e  
column was e v a p o ra te d  t o  d r y n e s s ,  d i s s o lv e d  i n  5 ml o f  w a te r  
c o n ta in in g  2 d ro p s  o f  n i t r i c  a c id  and b r i e f l y  b o i l e d .  Upon 
c o o l in g ,  one c r y s t a l  o f  KI and 2 d ro p s  o f  s o lu b le  s t a r c h  were 
added . No c o l o r  d ev e loped  so  i t  was assumed t h a t  no c o p p e r  
d u s t  was e l u t e d  th ro u g h  th e  colum n.
(c )  20.00 ml p o r t i o n s  o f  th e  s o l u t i o n  used  i n  ( a )  were
p a s se d  th ro u g h  th e  c o p p e r  colum n. The column was a l lo w ed  t o  
d r a i n  and th e n  washed w i th  f i v e  10 ml p o r t i o n s  o f  d ry  m etha­
n o l .  The b l u i s h - g r e e n  s o l u t i o n  p la c e d  i n  th e  to p  was o bse rved
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t o  e l u t e  g r e e n .  C opper a n a l y s i s  was r e p e a t e d  a s  i n  ( a ) .
R e s u l t s  a r e  g iv e n  b e lo w .
Sample I  ml “  14*30
Sample I I  ml NagS^O^ = 14*35
M oles o f  c o p p e r /2 0  ml = 1*430 3c KT"8
From th e  d a t a  i t  i s  r e a d i l y  a p p a r e n t  t h a t  some c o p p e r  
was d i s s o l v e d  from  th e  colum n p a c k in g  by th e  p a s s a g e  o f  th e  
" c o p p e r  n i t r a t e "  s o l u t i o n  th r o u g h  th e  co lum n. Once a g a i n ,  
as su m in g  t h a t  a l l  th e  n i t r a t e  was p r e s e n t  i n  th e  s o l u t i o n ,  
i t  i s  r e a d i l y  s e e n  t h a t  now th e  n i t r a t e  t o  c o p p e r  r a t i o  i n  
th e  s o l u t i o n  was 12. 63/ 14*32 x  1.86 *  1 . 64.
The a p p a r e n t  d ep en d en ce  o f  th e  c o p p e r  t o  n i t r a t e  
r a t i o  upon th e  am ount o f  c o n t a c t  w i t h  e x c e s s  c o p p e r  m e ta l  
s u g g e s te d  t h a t  r e d u c t i o n  was o c c u r r i n g  when th e  d i s s o l v e d  
c o p p e r  s a l t  was m a in ta in e d  i n  c o n s t a n t ,  i n t i m a t e  c o n t a c t  
w i t h  e x c e s s  m e t a l .  Numerous e x p e r im e n ts  w ere  made t o  t e s t  
t h i s  h y p o t h e s i s .
Sam ples o f  known c o p p e r  t o  s i l v e r  n i t r a t e  r a t i o  w ere  
c o v e re d  w i t h  d ry  m e th a n o l  and t h e n  s e a l e d .  The s e a l e d  
v e s s e l s  w ere  th e n  p la c e d  i n  a m o to r i z e d ,  w r i s t  a c t i o n  s h a k e r  
and a l lo w e d  t o  sh ak e  f o r  p e r i o d s  o f  two o r  t h r e e  d a y s .  The 
s h a k e r  a c t i o n  was a d j u s t e d  t o  a l lo w  th e  c o p p e r  d u s t  t o  be  
s w i r l e d  th r o u g h o u t  t h e  w hole  volume o f  s o l u t i o n .  At t h e  end 
o f  t h e  s h a k in g  p e r i o d  th e  f l a s k s  w ere  opened and th e  r e s i d u e  
and s o l u t i o n  w ere s e p a r a t e d  a s  r a p i d l y  a s  p o s s i b l e .  R e s u l t s  
o f  v a r i o u s  e x p e r im e n ts  r u n  i n  t h i s  m anner a r e  g i v e n  i n  T ab le  Z .
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Table X
R e ac tio n s  o f  S i l v e r  N i t r a t e  w i th  Large E x cesses  
o f  S w ir l in g  Copper M etal
I n i t i a l
m olar
r a t i o
Cu/AkNO^
I n i t i a l
m o la r i ty
AgN03
A pparent r a t i o  
NO^/Cu c a l c u l a t e d  
from w e ig h t  change
Time
i n
davs C olo r
10 .00 0.552 1 .6 9 2 b lu e
g re en
10 .00 0 .174 1 .6 7 + 3 b lu e
g re e n
9 .90 0.118 1 .4 9 2 g re e n
4-92 0.118 1 .65 3 b lu e
g ree n
9 .99 0 .0858 1.47* 3 g reen
9 .89 0 .0249 1 . 24* 3 v e ry
p a le
g re e n
u s in g  v e ry  f i n e  co p p e r  d u s t ( s m a l l e r  th a n  100 m esh).
A check  of th e s e  d a ta  r e v e a le d  t h a t  th e  N0^/Cu r a t i o  
was in d e p en d en t o f  th e  i n i t i a l  r a t i o  o f  Cu/AgNO^ employed 
p ro v id ed  t h a t  a l a r g e  ex c ess  o f  c o p p e r  was u se d .  I t  was a l s o  
n o ted  t h a t  th e  NO^/Cu r a t i o  was dependen t upon th e  i n i t i a l  
m o la r i ty  o f  AgN03 em ployed. {As a l o g i c a l  consequence , i t  
would be dependen t upon c o n c e n t r a t i o n  o f  co p p e r  s a l t s  p r e s e n t  
a f t e r  th e  r e a c t i o n  betw een  th e  and Cu.)
A lthough th e  dependence on m o la r i ty  was g e n e r a l ly  
o b se rv ed , d a ta  was e x tre m e ly  d i f f i c u l t  t o  re p ro d u c e .  This
k 7
d i f f i c u l t y  c o u ld  bd a t t r i b u t e d  t o  d i f f e r e n c e s  i n  a g i t a t i o n  
r a t e  and h a n d l i n g  c o n d i t i o n s .  A c o n s i d e r a t i o n  o f  t h e  d a t a  
i n  T ab le  IX , p .  1+2, i l l u s t r a t e s  t h i s  p o i n t .  The s a m p le s  
m arked  w i t h  a s t e r i s k s  w ere  p r e p a r e d  b y  u s i n g  l a r g e  e x c e s s e s  
o f  c o p p e r  m e ta l>  s h a k in g  f o r  t h r e e  d a y s  and t h e n  a l l o w i n g  
them  t o  r e m a in  s t a t i c  f o r  17 d a y s .  A t th e  end  o f  t h i s  p e r i o d  
t h e  s o l u t i o n s  a l l  h ad  a NO^/Cu r a t i o  o f  n e a r  1 .8 3  end 1j>-  
s p e c t i o n  o f  t h e  r e s i d u e s  showed t h a t  t h e  s u r f a c e  o f  t h e  s i l v e r  
c r y s t a l s  fo rm e d  i n  t h e  i n i t i a l  r e a c t i o n  w ere  b r o n z e  c o l o r e d .  
T h is  i n f e r r e d  t h a t  t h e  s o l u t i o n s  c o n t a i n i n g  lo w e r  NO^/Cu 
r a t i o s  w ere  u n s t a b l e  and te n d e d  t o  p l a t e  o u t  c o p p e r  when n o t  
c o n s t a n t l y  e x p o se d  t o  a l a r g e  e x c e s s  o f  c l e a n  c o p p e r  s u r f a c e .
S o l u t i o n s  p r e p a r e d  b y  s h a k in g  r e a o t e d  w i t h  m e th a n o l l e  
NH^P t o  p ro d u c e  m i x t u r e s  o f  NH^CuF^, Cu(0H )F and (N H j^ C u F ^ .  
E x a m in a t io n  o f  th e  pow der p a t t e r n s  i n d i c a t e d ,  h o w e v e r ,  t h a t  
a s  t h e  r a t i o  o f  NO3/CU i n  t h e  s o l u t i o n s  a p p ro a c h e d  1 , t h e  
l i n e s  a t t r i b u t e d  t o  (NHj^)2CuF^ became i n c r e a s i n g l y  s t r o n g e r .  
The s o l u t i o n  g i v i n g  a r a t i o  o f  1.21+, w h ic h  was t h e  l i m i t i n g  
r a t i o  o b t a i n e d ,  y i e l d e d  p u r e  (N H ^^C u F ^ .
An a n a l y t i c a l  sa m p le  o f  (N H ^^C uF ^  was p r e p a r e d  by  
d i s s o l v i n g  10 g ram s o f  s i l v e r  n i t r a t e  i n  1 l i t e r  o f  d r y  
m e th a n o l  w h ic h  c o n t a i n e d  85 g ram s o f  c o p p e r  p o w d e r .  The 
v e s s e l  was s e a l e d  w i t h  a m e rc u ry  s e a l  s t i r r e r  and  v i o l e n t l y  
a g i t a t e d  f o r  two d a y s .  The r e s i d u e  was s e p a r a t e d  f ro m  t h e  
s o l u t i o n  by  r a p i d  f i l t r a t i o n  t h r o u g h  p r e d r i e d  f i l t e r  p a p e r  
and  t h e  s o l u t i o n  w as r u n  d i r e c t l y  i n t o  tw o l i t e r s  o f  r e -  
c r y s t a l l i z e d  ammonium f l u o r i d e  s o l u t i o n  i n  m e th a n o l .  V ig o r ­
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ous r e a c t i o n  o c c u r re d ,  c a u s in g  th e  fo rm a t io n  o f  a v e ry  p a le  
b lu e  p r e c i p i t a t e  and a v e ry  deep b lu e  s o l u t i o n .  The p r e c i p i ­
t a t e  and s o lu t io n  were s e p a ra te d  by r a p id  f i l t r a t i o n  on a 
B uchner fu n n e l  and t r e a t e d  s e p a r a t e l y .
The p r e c i p i t a t e  was washed w i th  f i v e  200 ml p o r t io n s  
o f  d ry  m e th an o l .  Care was ta k e n  to  a s s u re  t h a t  th e  p r e c i p i ­
t a t e  n e v e r  became exposed to  th e  a i r  u n t i l  th e  l a s t  few ml 
of wash s o l u t i o n  were p u l le d  th ro u g h .  The p r e c i p i t a t e  was 
th e n  d r ie d  a t  room te m p e ra tu re  u n d er  vacuum f o r  t h r e e  d ay s .  
A n a ly s is  in d ic a t e d  t h a t  th e  s o l i d  was (NH^)2CuF^.
Formula
(HH^gCuF^







A n a l . ,  Found 
%
2 0 .9 1 ,  2 0 .4 6 ,  2 0 .4 1 ,  20 .10  
3 6 .8 3 ,  3 6 .8 8 ,  37 .11  
4 3 .1 7 ,  4 2 .7 1 ,  42 .67
The p r e c i p i t a t e  was an a ly ze d  f o r  co p p e r  by th e  io d o -
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m e tr i c  method p r e v io u s ly  d e s c r ib e d .  Ammonia was d e te rm in ed
30
by th e  method o f  K o l th o f f  and S a n d e l l .  F lu o r in e  was d e t e r ­
mined by p r e c i p i t a t i o n  as  PbFCl u s in g  th e  p ro ced u re  o f  S c o t t .
The x - r a y  powder d i f f r a c t i o n  p a t t e r n  o b ta in e d  on t h i s  
sample was c o n s id e r a b ly  s im p le r  th a n  t h a t  o b ta in e d  by C rocke t
and co u ld  be indexed  on th e  b a s i s  o f  a t e t r a g o n a l  u n i t  c e l l
. 0 . 0 w i th  a0 *= 4*29 A and c0 * 1 3 .2 4  A. A com parison  of th e  ob­
se rv ed  and c a l c u l a t e d  p a ra m e te rs  based  on t h i s  in d e x in g  i s  
g iv e n  i n  Appendix I I I ,  Table XV.
The g r e a t e r  s i m p l i c i t y  o f  th e  powder p a t t e r n  observed 




h y d r o l y t i c  s e n s i t i v i t y  o f  t h e  ammonium t e t r a f l u o r o c u p r a t e ( I I ) . 
X -ra y  pow der d i f f r a c t i o n  sa m p le s  had  t o  b e  p r e p a r e d  im m e d ia te ly  
b e f o r e  e x p o s u r e .  Upon s t a n d i n g  i n  * - r a y  c a p i l l a r i e s  s e a l e d  
w i t h  "Duco" cem en t f o r  two w eeks  t h e  compound w as o b s e rv e d  t o  
t u r n  b r i g h t  b l u e  and i t s  x—r a y  p a t t e r n  c o n t a i n e d  l i n e s  a t t r i ­
b u t a b l e  t o  MfyCuF^, Cu(OH)P and  some undecom posed (N H ^^C uF ^ .
S i m i l a r l y ,  two x—r a y  p h o to g r a p h s  t a k e n  i n  s e q u e n c e  showed a
o
v e r y  r a p i d  i n c r e a s e  i n  i n t e n s i t y  o f  a l i n e  a t  4*68 A { t h e  
s t r o n g e s t  l i n e  o f  t h e  Cu(OH)F d i f f r a c t i o n  p a t t e r n ) .
The I n t e n s e l y  b l u e  s o l u t i o n  fo rm ed  a s  a b y p r o d u c t  o f  
t h e  t e t r a f l u o r o c u p r a t e  s y n t h e s i s  had  a d e t e c t a b l e  o d o r  o f  
ammonia. I f  t h e  b lu e  s o l u t i o n s  w ere  a l lo w e d  t o  s t a n d  f o r  
lo n g  p e r i o d s  o f  t im e ,  a b l u e  compound c r y s t a l l i z e d  on th e  
w a l l s  o f  t h e  v e s s e l  b u t  v e r y  l i t t l e  c o u ld  be  done t o  c h a r a c —-  
t e r i z e  t h e  m a t e r i a l  b e c a u s e  t h e  w a l l s  o f  t h e  v e s s e l  w ere  
s i m u l t a n e o u s l y  e t c h e d  b y  t h e  e x c e s s  NH^F r e s u l t i n g  i n  a v e r y  
g r a i n y ,  h e t e r o g e n e o u s  p r o d u c t .  The b lu e  m a t e r i a l  d i d ,  how­
e v e r ,  have  a c o l o r  v e r y  s i m i l a r  t o  t h a t  o f  t h e  s o l u b l e  
c o p p e r ( I I )  am ine c o m p lex es  w e l l  known i n  aq u e o u s  s o l u t i o n .
The b lu e  s o l i d  was assum ed t o  b e  a c o p p e r ( I I )  am ine 
n i t r a t e  b e c a u s e  a n  i n f r a —r e d  s p e c tru m  o f  t h e  s o l i d  showed 
th e  p r e s e n c e  o f  n i t r a t e  i o n  and gave s t r o n g  a b s o r p t i o n  i n  
t h e  s p e c t r a l  r e g i o n s  w here  ammonia u s u a l l y  a b s o r b s .  I t  d o e s  
n o t  a p p e a r  l i k e l y  t h a t  t h e  b lu e  com plex  c o n t a i n s  f l u o r i d e  
i o n  b e c a u s e  i t  was o b s e rv e d  t h a t  ammonium t r i f l u o r o c u p r a t e ( I I )  
and diammonium t e t r a f l u o r o c u p r a t e ( I I )  w ere  b o t h  c o m p le t e ly  
s o l u b l e  i n  m e th a n o l  s o l u t i o n s  c o n t a i n i n g  e x c e s s  a n h y d ro u s
5o
ammonia and n e i t h e r  f l u o r i d e  c r y s t a l l i z e d  o u t  on s t a n d i n g .
I t  was a l s o  n o te d  t h a t  g a s s in g  a c o p p e r  n i t r a t e  s o l u t i o n  w i th  
ammonia caused  im m ediate  ap p e a ra n c e  o f  an i n t e n s e  b lu e  so lu r-  
t i o n  from  w hich  a b lu e  compound s lo w ly  s e p a r a t e d .  T his  com­
pound had a d e t e c t a b l e  v a p o r  p r e s s u r e  o f  ammonia when d r y .
Samples o f  ammonium t r i f l u o r o c u p r a t e ( I I )  p re p a re d  
from  s o l u t i o n s  i n  w nicn  th e  n i t r a t e  t o  c o p p e r  r a t i o  was 1.83 
gave c o p p e r  a n a ly s e s  somewhat lo w er  th a n  c a l c u l a t e d  f o r  
NH^CuP^. No sam ple o f  NH^CuF^, f r e e  from  th e  t e t r a f l u o r o ­
c u p r a t e ,  was e v e r  p r e p a r e d .
A sm a l l  p o r t i o n  of th e  s o l u t i o n  from  w hich  th e  ana­
l y t i c a l  sam ple o f  (NH^J^CuF^ was p roduced  was r e a c t e d  w i th  
e x c e s s  m e th a n o l ic  KF. An i n t e n s e l y  b l u e ,  g e l a t i n o u s  p r e c i p i ­
t a t e  was o b ta in e d  a lo n g  w i th  a g r a i n y ,  w h i te  s o l i d .  The 
g e l a t i n o u s  p r e c i p i t a t e  was s e p a r a te d  from  th e  g r a in y  s o l i d  
by r a p id  f i l t r a t i o n  th ro u g h  a c o a r s e  f i l t e r .  The g e l a t i n o u s  
p r e c i p i t a t e  was th e n  a l lo w ed  t o  d i g e s t  a t  room te m p e ra tu r e  
f o r  s e v e r a l  days and th e n  f i l t e r e d ,  d r i e d  u n d e r  vacuum and 
s u b je c te d  t o  x—r a y  a n a l y s i s .  I t  p roved  t o  be K^CuF^ b u t  
a p p e a red  t o  c o n t a i n  a l i t t l e  CuF^. g r a in y  p r o d u c t  gave
q u a l i t a t i v e  t e s t s  f o r  n i t r a t e  io n  and p o ta s s iu m .  X—r a y  a n a ly ­
s i s  i n d i c a t e d  t h a t  i t  was p u re  KNO3.
The p r o d u c t io n  o f  ammonia and f o r m a t io n  o f  deep  b lu e  
s o l u t i o n s  when re d u ce d  c o p p e r  n i t r a t e  s o l u t i o n s  were r e a c t e d  
w i th  ammonium f l u o r i d e  s u g g e s te d  t h a t  th e  p r e s e n c e  o f  ammonia 
m ig h t  be a n e c e s s a r y  r e q u i r e m e n t  f o r  th e  f o r m a t io n  o f  th e  
t e t r a f l u o r o c u p r a t e .  T h is  h y p o t h e s i s  was t e s t e d  by r e a c t i n g
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c o p p e r ( I )  and c o p p e r ( I I )  b rom ide  w i t h  ammonium f l u o r i d e ,  
ammonium b i f l u o r i d e ,  ammonium b i f l u o r i d e  i n  th e  p r e s e n c e  o f  
a l a r g e  e x c e s s  o f  an h y d ro u s  h y d ro g e n  f l u o r i d e  and ammonium 
f l u o r i d e  i n  th e  p r e s e n c e  o f  e x c e s s  ammonia. A n a ly s i s  o f  th e  
f l u o r i d e  p r o d u c t s  o f  t h e s e  r e a c t i o n s  by w et m e thods  and x—r a y  
powder d i f f r a c t i o n  i n d i c a t e d  t h a t  th e  f l u o r i d e  fo rm ed  was un­
a f f e c t e d  by Cxianges i n  a c i d i t y  and b a s i c i t y .  I t  was n o t e d ,  
h ow ever, t h a t  th e  p r o d u c t  form ed was d e p e n d e n t  upon th e  r e l a ­
t i v e  c o n c e n t r a t i o n s  o f  c o p p e r  s a l t  and ammonium f l u o r i d e  
p r e s e n t  i n  th e  s o l u t i o n .  S p e c i f i c a l l y ,  i t  was fou n d  t h a t  d i ­
l u t e  s o l u t i o n s  o f  c o p p e r  s a l t s  fo rm ed  th e  t e t r a f l u o r o c u p r a t e  
and more c o n c e n t r a t e d  c o p p e r  s a l t s  form ed th e  t r i f l u o r o c u p r a t e .
I t  h a s  b e e n  d e m o n s t r a te d  t h a t  u n i v a l e n t  c o p p e r  does  
n o t  form  a s t a b l e  f l u o r i d e .  U nder c o n d i t i o n s  w here  c o p p e r ( I )  
f l u o r i d e  m ig h t  be e x p e c te d  t o  fo rm , c u p ro u s  s a l t s  a p p e a r  t o  
d i s p r o p o r t i o n a t e  t o  g iv e  c o p p e r ( I I )  f l u o r i d e  and c o p p e r  m e t a l .  
The r e a c t i o n  b e tw e en  c o p p e r ( I )  b rom ide  and ammonium f l u o r i d e  
i n  m e th a n o l  d o es  n o t  y i e l d  c o p p e r  m e ta l  a s  lo n g  a s  a tm o s p h e r ic  
oxygen i s  p r e s e n t .  I n  one e x p e r im e n t ,  3 gram s o f  c o p p e r ( I )  
b rom ide  was r e a c t e d  w i th  5 grams on ammonium f l u o r i d e  i n  a 
sy s tem  c o n s i s t i n g  o f  a f l a s k  a t t a c h e d  t o  a g as  b u r e t .  The 
c o n n e c t i o n  b e tw e e n  th e  g a s  b u r e t  and th e  f l a s k  was made th ro u g h  
a two-way s to p c o c k .  The second  p o s i t i o n  on th e  s to p c o c k  opened 
t o  th e  a tm o sp h e re  th r o u g h  a " D r i e r i t e "  to w e r .  I n  th e  c o u r s e  o f  
th e  r e a c t i o n  i t  was n o te d  t h a t  th e  p r e s s u r e  i n  th e  g as  b u r e t  
(w h ich  was p a r t i a l l y  f i l l e d  w i t h  d ry  a i r  a t  th e  s t a r t  o f  th e  
e x p e r im e n t )  d e c r e a s e d .  S im u l ta n e o u s  w i t h  th e  d e c r e a s e  i n
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p r e s s u r e  i t  was n o ted  t h a t  an  in t e n s e  b lu e  c o l o r  ap p eared  in  
th e  s o l u t i o n  which d id  n o t  i n t e n s i f y  a f t e r  gas a b s o r p t i o n  had 
c e a s e d .  Two m easured p o r t i o n s  o f  d ry  a i r  were a d m it te d  to  
th e  b u r e t  and i t  was observed  t h a t  gas  a b s o r p t i o n  began  a g a in  
and seemed to  s to p  when a b o u t  lb  volume p e r c e n t  o f  th e  ad­
m i t t e d  gas was a b s o rb e d .  At th e  end o f  th e  e x p e r im e n t ,  th e  
s o l u t i o n  had a d e t e c t a b l e  v ap o r  p r e s s u r e  o f  ammonia and had 
produced  a b lu e  p r e c i p i t a t e .  X—ra y  a n a l y s i s  i n d i c a t e d  t h a t  
th e  p r e c i p i t a t e  was NlfyCuF-j.
The a b s o r p t io n  o f  ab o u t 16 volume p e r c e n t  o f  th e  ad­
m i t t e d  gas  and th e  ab sen ce  o f  e le m e n ta ry  c o p p e r  a t  th e  end o f  
th e  ex p e r im e n t su g g e s te d  t h a t  an o x id a t io n  r e d u c t io n  p ro c e s s  
in v o lv in g  th e  o x id a t io n  o f  c o p p e r ( I )  and th e  r e d u c t io n  o f  a t ­
m ospheric  oxygen had o c c u r r e d .  The e q u a t io n  f o r  th e  p ro b a b le  
p ro c e s s  i s  g iv e n  below .
4CuBr + 12NH^F + 02 = 2H20 + liHH^Cupy-f i|NH^Br + ipJH^
P o tass iu m  f l u o r i d e  gave a s i m i l a r  r e a c t i o n .
B. D is c u s s io n
Ohe r e a c t i o n s  between s i l v e r  n i t r a t e  and th e  e lem en ts  
c o n s id e re d  in  t h i s  s e c t i o n  can  a l l  be i n t e r p r e t e d  on th e  b a s i s  
o f  a s im p le  d is p la c e m e n t  r e a c t i o n  of the g e n e r a l  t y p e :
H + xAgNO^ = M(NO^)x  ( i n  s o l u t i o n )  + xA gl 
In  seme c a s e s ,  d i r e c t  e v id e n c e  o f  t h i s  ty p e  o f  r e a c t i o n  was 
o b ta in e d  by th e  co m p ariso n  o f  th e  w e ig h t  change i n  th e  r e s id u e  
w i th  th e  fo rm a l  c h a rg e  on th e  f l u o r i d e  d e r i v a t i v e .
I t  i s  u n f o r tu n a te  t h a t  th e  n i t r a t e s  p re p a re d  co u ld  n o t  
be i s o l a t e d  from th e  s o lv e n t  by e i t h e r  s o lv e n t  e v a p o r a t io n  o r
by t h e  a d d i t i o n  o f  o t h e r  s o l v e n t s ,  b e c a u s e  t h e  i s o l a t i o n  o f  
th e  s o l i d  n i t r a t e  w ould  have g r e a t l y  a id e d  t h e  i n t e r p r e t a t i o n  
o f  t h e  r e s u l t s .  Numerous a t t e m p t s  w ere  made t o  i s o l a t e  t h e s e  
n i t r a t e s  b y  th e  a d d i t i o n  o f  s o l v e n t s  su c h  a s  c a rb o n  t e t r a ­
c h l o r i d e ,  c h l o r o f o r m ,  p e t r o le u m  e t h e r ,  d i e t h y l  e t h e r  and 
a c e to n e  b u t  no  p r e c i p i t a t e s  e v e r  fo rm e d .  .A ttem pts  t o  remove 
th e  m e th a n o l  w ere  e q u a l l y  u n s u c c e s s f u l  b e c a u s e  some s a l t s  
fo rm ed  o i l s  from  w h ic h  no  f u r t h e r  m e th a n o l  c o u ld  be  removed 
and o t h e r s  fo rm ed  s o l i d s  w h ic h  had d e t e c t a b l e  v a p o r  p r e s s u r e s  
o f  2i02 . E x p e r im e n ts  w ere  abandoned  when NO^  g s s  was d e t e c t e d  
f o r  f e a r  o f  e x p l o s i o n s .
I t  w ould  be i n s t r u c t i v e  t o  c o n s i d e r  t h e  e v id e n c e  
a c c u m u la te d  f o r  e a c h  o f  th e  e l e m e n ts  s e p a r a t e l y .
( 1 ) Z in c  — A H  m i x t u r e s  s t u d i e d  gave  KfyZnP^ s s  s  f l u o r i d e  
d e r i v a t i v e  a n d ,  when th e  r e s i d u e s  w ere  h a n d le d  v e r y  c a r e f u l l y  
t h e  w e ig h t  c h a n g e s  a p p ro a c h e d  a v a l u e  w h ic h  c o u ld  be  i n t e r p r e ­
t e d  a s  b e in g  due t o  t h e  r e a c t i o n ,
Zn + 2AgN03 = Zn(N03 )2 + 2 A g | .
One s u c h  r e s i d u e  was s u b j e c t e d  t o  x—r a y  a n a l y s i s  and c o u ld  
be i n t e r p r e t e d  a s  a m ix t u r e  o f  s i l v e r  and u n r e a c t e d  z i n c  m e ta l  
a l t h o u g h  g r e a t  d i f f i c u l t y  was had i n  g r i n d i n g  th e  m ixed m e ta l ­
l i c  r e s i d u e .
The e x tre m e  h y d r o l y t i c  s e n s i t i v i t y  o f  th e  m ixed r e s i ­
due i s  v e r y  s i m i l a r  t o  t h a t  o b s e rv e d  when z i n c  m e t a l  and a 
m e t a l  h a v in g  a low h y d ro g e n  o v e r v o l t a g e  a r e  a l lo w e d  t o  r e m a in  
i n  c o n t a c t  i n  d i l u t e  a c i d  s o l u t i o n s .  The s i l v e r  c r y s t a l s  a r e
S k
observed  t o  grow from  th e  s u r f a c e  of th e  z in c  m e ta l  so  t h a t  
c o n t a c t  o f th e  m ost in t im a te  ty p e  can  be assum ed. Hydrogen 
gas  was n o t  observed  t o  ev o lve  when th e  s o l u t i o n s  were 
washed, b u t  c o n s ta n t  s u c t i o n  was a p p l ie d  in  th e  c o u rse  of 
th e  w ashing  p r o c e s s .  The p o s s i b i l i t y  t h a t  a c t i v e  s i t e s  
produced  on th e  m e ta l  by th e  a c t i o n  of s i l v e r  n i t r a t e  r e a c t  
w i tn  a tm o sp h e r ic  m o is tu re  c a n n o t  be e l im in a te d ,  b u t  one 
m igh t e x p e c t  t h a t  th e  s i l v e r  g row th  would o cc u r  a t  th e  same 
a c t i v e  s i t e  and th u s  p o s s i b l y  mask th e  s u r f a c e .  S ince  
n o th in g  i s  known ab o u t th e  a c t u a l  g row th  mechanism o f  the  
s i l v e r  one c a n n o t g u ess  w hich  e f f e c t  a c t u a l l y  caused  th e  
r a p id  c o r r o s io n .
(2) C o b a lt  — B oth w e ig h t  changes i n  th e  r e s id u e s  and th e  
f l u o r i d e  d e r i v a t i v e  i n d i c a t e  t h a t  th e  o v e r a l l  r e a c t i o n  be­
tween c o b a l t  and s i l v e r  n i t r a t e  i s
Co + 2AgN0^ = CoUlO^)^ ( i n  s o l u t i o n )  + 2Ag I  .
The r e a c t i o n  c a r r i e d  o u t  u n d e r  r e f l u x  and em ploying ex c e ss  
s i l v e r  n i t r a t e  a p p a r e n t ly  r e s u l t e d  i n  com ple te  d e g r a d a t io n  
of th e  s o lv e n t  and th e  ex c e ss  n i t r a t e  io n .  S in ce  t r i v a l e n t
c o b a l t  i s  a v e ry  p o w erfu l  o x id a n t  ( s ta n d a rd  p o t e n t i a l  in
3 2w a te r  = + 1.8ij. v o l t s  f o r  th e  r e a c t i o n  Co = Co + e""), 
and th e  d e c o m p o s it io n  p o t e n t i a l  o f  p u re  w a te r  i s  a b o u t  1.23 
v o l t s  ( p lu s  a v a r i a b l e  o v e r v o l ta g e )  th e  absence  o f  gas  
e v o l u t i o n  when th e  c o b a l t  s o l u t i o n  i s  p la c e d  i n  w a te r  would 
i n d i c a t e  t h a t  t h e r e  was no t r i v a l e n t  c o b a l t  p r e s e n t  u n le s s  
i t  was v e ry  s t r o n g ly  complexed i n  some m anner. A s i n g l e
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b a la n c e d  e q u a t i o n  f o r  t h e  o v e r a l l  p r o c e s s  i s  g iv e n  b e lo w .
30AgN03 + 36CH3OH *  30Ag*+ 10CH30N 0H  + 10N20 t+  1 3 0 0 ^
+ 13HC02H t
The b a la n c e d  e q u a t i o n  d o es  n o t  im p ly  t h a t  one p r o c e s s  i s  
i n v o lv e d .  In d e e d ,  i t  would a p p e a r  much more l i k e l y  t h a t  
t h e  d e g r a d a t i o n  o f  th e  s o l v e n t  o c c u rs  by s e v e r a l  d i f f e r e n t  
and s im u l ta n e o u s  r e a c t i o n s .  S in ce  i t  was d e m o n s tr a te d  t h a t  
AgN03 c a n n o t  a t t a c k  th e  s o l v e n t  u n d e r  t h e s e  c o n d i t i o n s ,  th e  
o b v io u s  i m p l i c a t i o n  i s  t h a t  th e  p r o c e s s  i s  o c c u r r in g  th ro u g h  
th e  agency  o f  th e  c o b a l t  ( I I )  n i t r a t e  and th e  m ost l o g i c a l  
a s s u m p tio n  i s  t h a t  th e  r e a c t i o n  in v o lv e s  th e  t r a n s i t o r y  
f o r m a t io n  o f  a t r i v a l e n t  s p e c i e s  w h ich  th e n  c a n  d e g ra d e  th e  
s o l v e n t  by any one o f  s e v e r a l  p a t h s .
The r e a s o n  t h a t  fo rm ic  a c id  was t e n t a t i v e l y  i d e n t i ­
f i e d  from  th e  sp e c tru m  was th e  r e s u l t  o f  th e  v e r y  com plex 
n a t u r e  o f  th e  s p e c tru m . The band a t  1750 enT'* had  th e  p r o p e r  
s t r u c t u r e  b u t  o t h e r  bands w ere masked by th e  p r e s e n c e  o f  
l a r g e  q u a n t i t i e s  o f  th e  o t h e r  p r o d u c t s .
(3) Lead — L i t t l e  d o u b t would a p p e a r  t o  e x i s t  t h a t  r a t i o s  
o f  AgN03 t o  l e a d  i n  th e  v i c i n i t y  o f  2 a p p e a r  t o  form  th e  
n o rm al n i t r a t e .
Pb + 2AgN03 * Pb(N03)2 + 2Ag 4 •
When l a r g e  e x c e s s e s  o f  l e a d  w ere em ployed , how ever, th e  
s i t u a t i o n  became l e s s  c l e a r .  A l a r g e  amount o f  e v id e n c e  was 
o b ta in e d  w h ich  i n d i c a t e d  t h a t  i n  th e  p r e s e n c e  o f  e x c e s s  l e a d ,  
th e  n i t r a t e  i s  changed  i n  a r a t h e r  s u b t l e  m anner and th e  
f o r m a t i o n  o f  a y e l lo w ,  i n t r a c t a b l e  s o l i d  i s  o b s e rv e d .  S e v e r a l
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r e p o r t s  i n  th e  l i t e r a t u r e  i n d i c a t e  t h a t  when l e a d  ( I I )  n i t r a t e  
i s  ex p o sed  t o  l a r g e  e x c e s s e s  o f  l e a d ,  y e l lo w  compounds a r e  
f o r m e d .
32S e n d e re n s  fo u n d  t h a t  i n  w a t e r  s o l u t i o n s  2 m o le s  o f  
s i l v e r  n i t r a t e  r e a c t  w i t h  2 m o le s  o f  l e a d  t o  p ro d u c e  a y e l lo w  
le a d  n i t r o s o n i t r a t e  w h ic h  he f o r m u l a t e d  a s  O^l^-Fb—0—Pb—N(>2*
S h te r n  and G o r e l i k ^  p r e p a r e d  Pb (0H)p*Fb(N0^)N02 by 
p a s s i n g  5$  aq u eo u s  n i t r i c  a c i d  o v e r  l a r g e  e x c e s s e s  o f  l e a d  
p e l l e t s .  Once a g a i n  i t  i s  o b s e rv e d  t h a t  th e  n i t r a t e  io n  i s  
a p p a r e n t l y  c l e a v e d  b u t  no s t r u c t u r a l  w ork  h a s  e v e r  b een  done 
on t h e s e  com pounds.
I t  i s  w e l l  known t h a t  c o v a l e n t  n i t r a t e s  o f  th e  m e ta l s  
te n d  t o  be l e s s  s t a b l e  t h a n  th o s e  c o n t a i n i n g  i o n i c  n i t r a t e .
The c o v a l e n t  compounds te n d  t o  l o s e  NO- r e a d i l y .  T h is  m ig h t  
im p ly  t h a t  t h e  y e l l o w  n i t r a t e  fo rm ed  i n  m e th a n o l i c  s o l u t i o n s  
i s  a n i t r a t o —n i t r a t e  o f  some t y p e ,  b u t  th e  n a t u r e  o f  t h e  com­
pound p r e c l u d e d  much w ork  i n  t h i s  s o l v e n t .  Numerous i n f r a - r e d  
s p e c t r a  w ere  ru n  on t h i s  m a t e r i a l  b u t  th e y  w ere  n o t  r e p r o d u c i b l e  
and w ere  v e r y  co m p lex . The o n ly  d a t a  w h ic h  c o u ld  be  o b ta in e d  
from  t h e s e  s p e c t r a  was t h a t  t h e  n o rm a l  n i t r a t e  o n ly  fo rm ed  
upon h e a t i n g  t h e  y e l lo w  m a t e r i a l  t o  1 1 0 ° C. No c o n c r e t e  e v i ­
d e n c e  o f  t h e  p r e s e n c e  o f  a n i t r i t e  io n  c o u ld  be o b t a in e d  from  
t h e  s p e c t r a  b u t  t h e y  d id  b e a r  a s u p e r f i c i a l  r e s e m b la n c e  t o  th e  
s p e c t r a  o f  v a r i o u s  c o v a l e n t l y  bonded n i t r a t e s  a s  p u b l i s h e d  by
A  I
A d d iso n  and G a te h o u s e .
A l l  t h e  e v id e n c e  a c c u m u la te d  on t h e  sy s te m  a p p e a r s  t o  
p o i n t  t o  th e  f o r m a t i o n  o f  a compound in  w h ic h  th e  sym m etry  o f  
th e  n i t r a t e  i o n  i s  d e s t r o y e d  by i n t e r a c t i o n  w i t h  a se co n d  le a d
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a to m , b u t  i t  i s  i m p o s s ib l e  t o  s p e c u l a t e  a b o u t  t h e  n a t u r e  o f  
t h i s  m a t e r i a l .
(ij.) B ism u th  — Once a g a i n  t h e  e v id e n c e  p o i n t s  t o  th e  fo rm a­
t i o n  o f  a n o rm a l  compound o f  t r i v a l e n t  b i s m u th  w h ic h  i s  v e r y  
s e n s i t i v e  t o  h y d r o l y s i s .
3AgN03 + B i = B i(N 03 ) 3 + 3Agi
The h y d r o l y t i c  s e n s i t i v i t y  i s  n o t  v e r y  s u r p r i s i n g  
b e c a u s e  th e  t e n d e n c y  o f  b i s m u th  t o  fo rm  b a s i c  s a l t s  o f  t h e  
ty p e  BiOX (X = C l ,B r ,N O ^ ,e t c . )  i s  w e l l  known. I t  h a s  b e e n  
shown t h a t  th e  t r i n i t r a t e  c a n  be fo rm ed  in  a q u e o u s  s o l u t i o n s  
c o n t a i n i n g  e x c e s s  n i t r i c  a c i d ,  b u t  d i l u t i o n  o f  t h e  n i t r i c  
a c i d  s o l u t i o n  w i t h  w a t e r  c a u s e s  t h e  f o r m a t i o n  o f  t h e  b a s i c  
s a l t  by h y d r o l y s i s .
(5 )  M anganese — E v id e n c e  p o i n t s  t o  t h e  i n i t i a l  f o r m a t i o n
o f  Mn(N03 )2 i n  s o l u t i o n  by t h e  r e a c t i o n ,
Mn + 2AgN03 *  ton(N03 )£  + 2A gJ .
The p r e s e n c e  o f  MnO£ i n  t h e  f i n a l  p r o d u c t  d o e s  n o t  
a p p e a r  t o  be c a u s e d  by  e i t h e r  a p h o to c h e m ic a l  r e a c t i o n  o r  
th e  p r e s e n c e  o f  w a t e r  i n  t h e  s o l u t i o n s .  Dry a i r  w as , how­
e v e r ,  n o t  r i g i d l y  e x c lu d e d  fro m  m o s t  o f  t h e  sa m p le s  and 
oAi u a i i o n  due t o  th e  p r e s e n c e  o f  a tm o s p h e r ic  oxygen  m ig h t  
w e l l  a c c o u n t  f o r  t h e  o b s e rv e d  brown p r o d u c t s .  T h is  p o s tu ­
l a t e  was c h e c k e d  b y  p r e p a r i n g  t h e  p i n k  m anganous s a l t  so l t> -  
t i o n  and a l l o w i n g  i t  t o  s t a n d  a t  room t e m p e r a t u r e ,  w i t h  f r e e  
a c c e s s  t o  d r y  a i r  ( t h r o u g h  a l a r g e  " D r i e r l t e "  c o lu m n ) .  O ver 
a s p a n  o f  one w eek  th e  p r o d u c t  t u r n e d  d a r k  brow n and Mn02
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was i s o l a t e d  fro m  t h e  brow n c o l l o i d a l  s o l u t i o n .
The p o s t u l a t i o n  o f  any  r e a c t i o n  o f  t h i s  ty p e  l e a d s  
t o  a d i f f i c u l t y  b e c a u s e  t h e r e  i s  no i n f o r m a t i o n  a b o u t  w h a t  
h a p p e n s  t o  th e  n i t r a t e  io n  i n  t h e  c o u r s e  o f  t h e  r e a c t i o n .  
S e v e r a l  p o s t u l a t e s  c a n  be made w h ic h  may a c c o u n t  f o r  t h e  
o b s e rv e d  p r o d u c t .
( a )  M e th y l  n i t r a t e  i s  fo rm ed  by  r e a c t i o n  o f  t h e  
n i t r a t e  w i t h  t h e  m e th a n o l  s o l v e n t .
+ 2CH^0H = Kn(OH)£ + 2CH2 0N02 
and th e  h y d r o x id e  i s  o x i d i z e d  by  t h e  a tm o s p h e re  
2Mn( OH) -  + 0 2 — 2Kn02 + 2H2 0 .
T h is  p r o c e s s  i s  a p p e a l i n g  f o r  two r e a s o n s .  P r i n — 
c i p i a l l y  i t  w ould  a c c o u n t  f o r  o x i d a t i o n  w i t h o u t  t h e  
f o r m a t i o n  o f  a g a s e o u s  b y p r o d u c t .  I t  w ould  a l s o  
a c c o u n t  f o r  th e  e v e n t u a l  p r o d u c t i o n  o f  p u r e  t e t r a — 
v a l e n t  m anganese  by o p e n in g  up a n o t h e r  p a t h  by  
w h ic h  t h e  o x i d a t i o n  c a n  be a c c o m p l i s h e d ,  a s  i n d i ­
c a t e d  i n  t h e  e q u a t i o n  b e lo w :
M n(N0^)2 + 2H2 0 = 2HN0-J + Mn(0H)2
!ttie n i t r i c  a c i d  c o u ld  t h e n  i n t e r a c t  w i t h  m ore 
s o l v e n t  and p r o v i d e  m ore h y d ro x y  r a d i c a l .  I t  i s  
s e e n  t h a t  t h e  o v e r a l l  o x i d a t i o n  p r o c e s s  i n  t h i s  
c a s e  w ould  be  d e p e n d e n t  upon  t h e  p r e s e n c e  o f  
a tm o s p h e r i c  oxygen  a s  h a s  b e e n  o b s e r v e d .
(b )  I t  m ig h t  be  p o s s i b l e  t o  c o n s t r u c t  a s e q u e n c e  
i n v o l v i n g  t h e  p r o d u c t i o n  o f  m e th y l  n i t r i t e  ( B .P .  =
—6 ° C . ) ,  b u t  one w ou ld  t h e n  h a v e  t o  a c c o u n t  f o r  t h e
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f a c t  t h a t  t h e  g a s  i s  n o t  e v o lv e d  by a s su m in g  t h a t  
i t  i s  v e r y  s o l u b l e  i n  t h e  s o l v e n t ,  E x p e r im e n ts  
c o n d u c te d  w i t h  v a n a d iu m , n io b iu m  and  s e v e r a l  o t h e r  
m e t a l s  (w h ic h  a r e  d i s c u s s e d  i n  a f o l l o w i n g  s e c t i o n )  
i n d i c a t e  t h a t  m e th y l  n i t r i t e  i s  n o t  s o l u b l e  t o  any  
g r e a t  e x t e n t  i n  t h e  s o l v e n t .
(6 ) ,  ( 7 ) ,  and  ( 8 ) T h a l l i u m . M agnesium and L an thanum  — V ery  
l i t t l e  w o rk  was done on t h e s e  s y s te m s  b e c a u s e  o f  t h e  v e r y  
a p p a r e n t  c o m p e t in g  r e a c t i o n  w i t h  t h e  s o l v e n t .
(9 )  Cadmium — Cadmium p r e s e n t s  two v e r y  s t r i k i n g  p e c u l i a r i ­
t i e s .  I t  r e a c t s  o n ly  s u p e r f i c i a l l y  w i t h  s i l v e r  n i t r a t e  b u t  
r e a c t s  v e r y  v i g o r o u s l y  w i t h  a b i s m u t h ( I I I )  n i t r a t e  s o l u t i o n .  
The p r o d u c t  o f  t h i s  i n d i r e c t  r e a c t i o n  a p p e a r s  t o  b e  p o o r l y  
s o l u b l e  c a d m iu m (I I )  n i t r a t e .  When t h e  cadmium s a l t ,  fo rm ed  
b y  t h e  i n i t i a l  r e a c t i o n ,  r e a c t s  w i t h  m e t h a n o l i c  ammonium 
f l u o r i d e  i t  fo rm s  c a d m iu m (I I )  f l u o r i d e  r a t h e r  t h a n  ammonium 
t r i f l u o r o c s d m a t e ( I I ) .
No r e a l l y  s a t i s f a c t o r y  e x p l a n a t i o n  c a n  be  o f f e r e d  
why t h e  r e a c t i o n  b e tw e e n  s i l v e r  n i t r a t e  and  cadmium s h o u ld  
go s o  p o o r l y  w h i l e  a n  i n d i r e c t  s y n t h e s i s  i n v o l v i n g  a b i s m u th  
i n t e r m e d i a t e  g o e s  v i g o r o u s l y .  I t  i s  e v i d e n t  t h a t  t h e  th e rm o *  
d y n am ics  f o r  t h e  p r o c e s s  a r e  f a v o r a b l e  so  t h a t  one m u s t  assum e 
t h a t  e i t h e r  t h e r e  i s  a d i f f e r e n c e  i n  k i n e t i c  b e h a v i o r  o r  t h a t  
some f u r t h e r  r e a c t i o n  o c c u r s  on  t h e  s u r f a c e  o f  t h e  cadmium 
w h ic h  c o a t s  o v e r  t h e  s u r f a c e .  I t  w as o b s e rv e d  t h a t  i n  th e
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c o u rs e  o f  th e  d i r e c t  r e a c t i o n  th e  cadmium m e ta l  tu r n e d  g o ld e n  
brown and t h a t  some s i l v e r  c r y s t a l s  d id  s lo w ly  fo rm . From 
th e s e  o b s e r v a t io n s  i t  i s  n o t  u n r e a s o n a b le  t o  i n f e r  t h a t  th e  
brown f i l m  i s  a f i lm  o f  ox ide  and t h a t  t h i s  c o a t i n g  a c t i o n  
makes th e  s u r f a c e  o f  th e  m e ta l  u n a v a i l a b l e  f o r  f u r t h e r  r e a c ­
t i o n .  Such a p o s t u l a t e  w ould , how ever, n e c e s s i t a t e  e i t h e r  a 
r e d u c t i o n  of tn e  n i t r a t e  o r  th e  use  o f  a tm o s p h e r ic  oxygen 
and t h e r e  i s  n o t  enough d a ta  t o  j u s t i f y  e i t h e r .
S in ce  ra e th a n o l ic  ammonium f l u o r i d e  r e a c t s  w i th  cad­
mium brom ide t o  form  NH^CdF^, th e  f o r m a t io n  o f  CdF^, when th e  
n i t r a t e  i s  u se d ,  i s  e q u a l l y  p u z z l i n g .  The o n ly  v a r ia D le  
w hich  h a s  been  changed by u se  o f  th e  n i t r a t e  i s  t h a t  th e  by­
p ro d u c t  i s  NH^NO  ^ r a t h e r  th a n  NH^Br. Qhe o b v io u s  s u g g e s t io n  
i s  t h a t  th e  t e r n a r y  f l u o r i d e  i s  more s o lu b l e  i n  ammonium 
n i t r a t e  th a n  i t  i s  in  ammonium brom ide s o l u t i o n s .  An a t te m p t  
was made t o  u se  o b s e r v a t io n  t o  p r e p a r e  b i n a r y  f l u o r i d e s  by 
p r e c i p i t a t i o n  of th e  n i t r a t e  w i t h  a m ix tu re  o f  NH^F and
in  m e th an o l b u t  was c o m p le te ly  u n s u c c e s s f u l .  I t  i s ,
h o w e v e r ,w e l l  known t h a t  cadmium shows o n ly  a m e d io c re  a b i l i t y
33t o  form  com plex f l u o r o a n i o n s . Thus s m a l l  ch an g es  i n  solva­
t i o n  en v iro n m e n t m ig h t  w e l l  c a u se  th e  b i n a r y  f l u o r i d e  t o  
p r e c i p i t a t e .
(10) and  (11) N ic k e l  and T in  — The e v id e n c e  f o r  th e  form u­
l a t i o n  o f  t h e s e  r e a c t i o n s  i s ,  a t  b e s t ,  in c o m p le te .  The form a­
t i o n  o f  v e r y  p o o r ly  c r y s t a l l i n e  p r o d u c t s  c o u p le d  w i t h  v e r y  
p o o r  r e a c t i v i t y  i n  th e  d i r e c t  r e a c t i o n  w i th  s i l v e r  n i t r a t e  
made th e  sy s tem s  v e r y  d i f f i c u l t  t o  s tu d y  by t h i s  m ethod . Once
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a g a i n  one m u s t  c o n c lu d e  t h a t  t h e  b a r r i e r  t o  d i r e c t  r e a c t i o n  
b e tw e en  s i l v e r  n i t r a t e  and t h e s e  m e t a l s  i s  e i t h e r  k i n e t i c  o r  
c a u s e d  by some s e c o n d a r y  r e a c t i o n  c o a t i n g  t h e  s u r f a c e  o f  th e  
m e t a l ,  i n  t h e  c a s e  o f  t i n  d i r e c t  e v id e n c e  o f  c o a t i n g  was 
o b s e r v e d .
S in c e  b o t h  n i c k e l  and c o b a l t  r e a c t e d  s lo w ly  w i t h  
s i l v e r  n i t r a t e  and v i g o r o u s l y  w i t h  b is m u th  n i t r a t e  i t  m ig h t  
be p o s s i b l e  t o  d e t e r m in e  w hat d i f f e r e n c e s  i n  k i n e t i c  b e h a v i o r ,  
i f  a n y ,  a r e  e x h i b i t e d  by th e  d i r e c t  and i n d i r e c t  r e a c t i o n s .  
T h is  would be a v e r y  f o r m i d a b le  p r o j e c t ,  h o w e v e r ,  b e c a u s e  o f  
th e  h e t e r o g e n e o u s  n a t u r e  o f  th e  r e a c t i o n  and th e  g r e a t  h y d ro ­
l y t i c  s e n s i t i v i t y  o f  th e  b is m u th  i n t e r m e d i a t e .
(1 2 )  C onner — I t  i s  e v i d e n t  t h a t  t h e  r e a c t i o n  b e tw e e n  
c o p p e r  and s i l v e r  n i t r a t e  i s  co m p lex . S p e c i f i c a l l y ,  i t  i s  
n o te d  t h a t  th e  p r o d u c t s  o f  th e  r e a c t i o n  a p p e a r  t o  be v e r y  de­
p e n d e n t  on th e  e x p e r i m e n t a l  c o n d i t i o n s  u s e d .
S in c e  a p u re  f l u o r i d e  d e r i v a t i v e  was o n ly  o b t a in e d  
f ro m  v e r y  d i l u t e  s o l u t i o n s  w h ic h  w ere  c o n s t a n t l y  f i l l e d  w i t h  
d i s p e r s e d  c o p p e r ,  any  a t t e m p t  t o  e x p l a i n  t h e  c h e m is t r y  m u st 
s t a r t  h e r e .  In  t h e s e  s o l u t i o n s  t h e  r a t i o  o f  NO^/Cu a p p a r e n t l y  
a p p ro a c h e d  a l i m i t i n g  v a l u e  o f  1 so  t h a t  t h e  s i m p l e s t  p o s s i b l e  
p o s t u l a t e  i s  t h a t  c o p p e r ( I )  n i t r a t e  (CuNO^) i s  fo rm e d .  T h is  
p o s t u l a t e  c o u ld  n o t  be  p ro v e n  by  th e  e x p e r im e n ts  p e r fo rm e d  i n  
t h e  s i l v e r  n i t r a t e ,  c o p p e r  and  m e th a n o l  s y s te m .  E x p e r im e n ts  
i n  w h ic h  c o p p e r ( I )  b ro m id e  was r e a c t e d  w i t h  ammonium and 
p o ta s s iu m  f l u o r i d e  d o ,  h o w e v e r ,  c l e a r l y  i n d i c a t e  t h a t  t h e  
p o s t u l a t e  i s  r e a s o n a b l e .
I t  was o b se rv e d  t h a t  ammonia was form ed i n  th e  r e a c ­
t i o n  o f  red u ce d  " c o p p e r  n i t r a t e "  s o l u t i o n s  w i th  m e th a n o l ic  
ammonium f l u o r i d e .  C o p p e r( I )  n i t r a t e  a l s o  r e a c t e d  w i th  ammo­
nium f l u o r i d e  t o  p roduce  ammonia, and g as  a b s o r p t i o n  d u r in g  
t h i s  r e a c t i o n  s u g g e s te d  t n a t  th e  c o p p e r ( I )w a s  b e in g  o x id iz e d  
and a tm o sp h e r ic  oxygen re d u c e d .  The b rom ide  r e a c t i o n  p roduced  
ammonium t r i f l u o r o c u p r a t e ( I I )  and tn e  n i t r a t e  p roduced  ammo­
nium t e t r a f l u o r o c u p r a t e ( I I ) b u t  i t  i s  n o te d  t h a t  th e  brom ide 
s o l u t i o n  was a b o u t  f o u r  t im e s  a s  c o n c e n t r a t e d  a s  th e  n i t r a t e .
P o ta s s iu m  f l u o r i d e  r e a c t e d  w i th  t h e  red u ced  n i t r a t e  
fo rm in g  p o ta s s iu m  t e t r a f l u o r o c u p r a t e ( I I ) . Once a g a in ,  an  
a n a lo g o u s  r e a c t i o n  was o b se rv e d  w i th  c o p p e r ( I )  b ro m id e .
ifCuBr + lb h F  + 02 + 2CH^0H * ij. K£CuP^ + ijJCBr + 2KO C ^ + 2K0H.
The d a r k  b lu e  p r e c i p i t a t e s  o b ta in e d  from  b o th  o f  th e s e  r e a c ­
t i o n s  a r e  p r o b a b ly  due t o  th e  p r e s e n c e  o f  f r e e  KOH p r e s e n t  i n  
th e  s o l u t i o n s .
The m ost s e r i o u s  o b j e c t i o n  t o  th e  f o r m u l a t i o n  o f  u n i­
v a l e n t  c o p p e r  i n  th e s e  s o l u t i o n s  a r i s e s  from  tn e  o b s e r v a t io n  
t h a t  th e  s o l u t i o n s  a r e  c o lo r e d  p a l e  g r e e n .  S in ce  c o p p e r ( I )  
h a s  a 3<3^ij.s^ o u t e r  e l e c t r o n  c o n f i g u r a t i o n ,  th e  c o l o r  o f  th e  
s o l u t i o n s  would have t o  be a t t r i b u t e d  t o  e i t h e r  th e  n i t r a t e  
i o n ,  a n i t r a t o  g ro u p  o r  a c h a rg e  t r a n s f e r  b an d .  I t  seems more 
l i k e l y  t o  assume t h a t  th e  g re e n  c o l o r a t i o n  i s  due t o  th e  
p r e s e n c e  o f  a sm a l l  amount o f  c u p r i c  s a l t .  W eight ch an g es  in  
th e  r e s i d u e s  from  th e s e  r e a c t i o n s  i n d i c a t e d  t h a t  some 
c o p p e r ( I I )  was a lw ays p r e s e n t  i n  th e  s o l u t i o n s .
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A lth o u g h  t h e  r e a c t i o n s  c i t e d  i n  t h e  p r e v i o u s  d i s ­
c u s s i o n  s u g g e s t  t h a t  u n s t a b l e  c o p p e r ( I )  n i t r a t e  i s  fo am e d  b y  
t h e  r e a c t i o n  o f  c o p p e r ( I I )  n i t r a t e  w i t h  e x c e s s  c o p p e r  m e t a l ,  
one c a n n o t  e x c l u d e  t h e  p o s s i b i l i t y  o f  a d i v a l e n t  c o p p e r  
s p e c i e s  h a v i n g  a n i t r a t e  t o  c o p p e r  r a t i o  o f  o n e .  S e v e r a l  
f o r m u l a t i o n s  a r e  p o s s i b l e .  As a f i r s t  a s s u m p t i o n ,  i t  w o u ld  
b e  l o g i c a l  t o  s a y  t h a t  a s o l v a t e d  c o p p e r ( I I )  n i t r a t e  i s  b e i n g  
a c t e d  u p o n  b y  t h e  l a r g e  e x c e s s  o f  s u s p e n d e d  c o p p e r  d u s t .
S i n c e  e v a p o r a t i o n  o f  t h e  s o l v e n t  f ro m  c o n c e n t r a t e d  s o l u t i o n s  
o f  t h e  c o p p e r  s a l t ,  b y  v ac u u m , a lw a y s  r e s u l t e d  i n  o i l s  f ro m  
w h ic h  n o  m ore m e t h a n o l  c o u l d  be f r e e d ,  i t  i s  a l s o  r e a s o n a b l e  
t o  a s su m e  t h a t  t h e  s o l v e n t  i s  s t r o n g l y  a s s o c i a t e d  w i t h  t h e  
d i s s o l v e d  c o p p e r  s a l t .  T h u s , one w o u ld  e x p e c t  t h e  s o l v e n t  
t o  c o p p e r  b o n d s  t o  e f f e c t  t h e  s t r e n g t h  o f  t h e  c o p p e r  t o  
n i t r a t e  b o n d s .  I f  one u s e s  a f o r m u l a t i o n  s i m i l a r  t o  t h a t  
p r o p o s e d  b y  A d d is o n  t o  a c c o u n t  f c r t h e  b e h a v i o r  o f  c u p r i c  
n i t r a t e  i n  a v a r i e t y  o f  o r g a n i c  s o l v e n t s ,  one c o u l d  h a v e  tw o 
c a s e s  i n  m e t h a n o l .
( a )  I f  t h e  s o l v e n t  t o  c o p p e r  bond  I s  s t r o n g  ( a s  i s  
o b s e r v e d  i n  a c e t o n i t r i l e  an d  e t h y l  a c e t a t e )  t h e  
m e t a l —n i t r a t e  bond  i s  w ea k en ed  an d  one  m ig h t  e x p e c t  
i o n i z a t i o n  o f  t h e  t y p e ,
0^N-C u- 0-N 02 -  (C u N O ^ )  + N O ^  .
T h i s  t y p e  o f  i o n i z a t i o n  c o u l d  l e a d  t o  t h e  f o r m a t i o n  
o f  tw o m o l e c u l e s  o f  c o p p e r ( I )  by  t r a n s f e r  o f  a n  
e l e c t r o n  f ro m  t h e  s u s p e n d e d  c o p p e r  t o  t h e  p o s i t i v e  
s p e c i e s .  The c o p p e r ( I )  n i t r a t e  fo rm e d  w o u ld
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p ro b a b ly  be p r e s e n t  in  s o l u t i o n  a s  an  u n d i s s o c i a t e d  
m o le cu le  o f  CUNO3 . The f o r m u l a t i o n  o f  a c u p r i c  
s p e c ie s  i s  more d i f f i c u l t  u n l e s s  one assum es a s  b i — 
m o le c u la r  s p e c i e s  in v o lv in g  a c o p p e r - c o p p e r  bond 
such  a s  O^N—Cur-Cu-NO^. I t  i s  a l s o  p o s s i b l e  t o  p ro ­
pose a s t r u c t u r e  b ased  on th e  n i t r a t e  io n  f u n c t i o n ­
in g  a s  a b i d e n t a t e  l i g a n d  i n  a m anner s i m i l a r  t o
v 3 6t h a t  o b se rv ed  i n  O asic  b e r y l l i u m  n i t r a t e  (Be^O(KO^)^). 
S t r u c t u r e s  o f  t h i s  ty p e  would in c lu d e  tn e  f o l lo w in g  
two s p e c i e s .
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(b) I f  th e  l i g a n d  t o  m e ta l  bond i s  w eak (as  i n  
n i t ro m e  t h a n e ) ,  th e  c le a v a g e  would be e x p e c te d  t o  
o c c u r  a s  i t  does w i th  a no rm al n i t r a t o - n i t r a t e .
O^M—Cu—O—NO2 = O^N—Cu—0* + • NO 2
R e a c t io n  o f  su ch  a s p e c i e s  m ig h t  th e n  be e x p e c te d  
t o  l e a d  t o  a compound c o n t a i n i n g  a t  l e a s t  some 
n i t r i t e  io n .
Mechanism (b) i s  r e j e c t e d  f o r  s e v e r a l  r e a s o n s .  The 
p r i n c i p a l  o b j e c t i o n  t o  th e  m echanism  i s  t h a t  i t  i s  d i f f i c u l t  
t o  se e  how th e  c le a v e d  n i t r a t e  c a n  r e v e r s i b l y  l o s e  c o p p e r  i n  
r e t u r n i n g  t o  th e  d i v a l e n t  s t a t e .  I t  i s  a l s o  n o te d  t h a t  hy­
d r o l y s i s  o f  t h i s  s p e c i e s  would be e x p e c te d  t o  y i e l d  some
n i t r i t e  i o n  b u t  none h a s  e v e r  b e e n  fo u n d .
A l l  o f  t h e  compounds l i s t e d  i n  m echanism  (a )  c o u ld  be 
e x p e c te d  t o  l o s e  o r  g a i n  c o p p e r  r e v e r s i b l y  b e c a u s e  t h e  n i t r a t e  
i o n  h a s  n o t  b ee n  g r e a t l y  a l t e r e d  by  c l e a v a g e .
1 .6 3  i s  an  i n d i c a t i o n  t h a t ,  a t  s t a t i c  e q u i l i b r i u m ,  same 
re d u c e d  c o p p e r  i s  p r e s e n t  i n  t h e  s o l u t i o n s .  T h is  r a t i o  i s  
r e a d i l y  c o n v e r t e d  t o  a w ho le  num ber r a t i o  o f  11 n i t r a t e  
r a d i c a l s  t o  6 c o p p e r  r a d i c a l s  ( o r  a m ix tu r e  o f  5Cu(N 03)2 and 
CuNO^) .
f o r m a t i o n  o f  b lu e  o i l s  and s u g g e s te d  t h a t  th e  s o l v e n t  was 
a s s o c i a t e d  w i t h  t h e  c o p p e r  s a l t s  i n  some m a n n e r .  To c h e c k  
t h i s  p o s t u l a t e  a s e r i e s  o f  b o i l i n g  p o i n t  e l e v a t i o n  e x p e r i ­
m en ts  was r u n  on th e  s o l u t i o n s  m arked w i t h  t h e  a s t e r i s k s  i n  
T ab le  IX, p .  ij.2. A l l  s o l u t i o n s  gave  a m o l e c u l a r  w e ig h t  o f  
130 w i t h  a v a r i a n c e  o f  a b o u t  2 .  (M o le c u la r  w e ig h t  d a t a  and a 
sam ple  c a l c u l a t i o n  a r e  g iv e n  i n  A ppend ix  IV ) .  I n t e r p r e t a t i o n  
o f  th e  r e s u l t s  i s  g r e a t l y  c o m p l ic a te d  b y  th e  f a c t  t h a t  t h e  
r a d i c a l  w e ig h t s  o f  Cu, NO3 and Cfl^Ofl a r e  a lm o s t  i d e n t i c a l l y  
i n  t h e  r a t i o  o f  2 : 2 : 1 .  (M o le c u la r  w e ig h t s  a r e  r e s p e c t i v e l y  
63. 5 , 6 2 .0  and 3 2 . 0 . )  I f  one a c c e p t s  th e  f o r m u l a t i o n  i n  
t h e s e  e q u i l i b r i u m  s o l u t i o n s  a s  b e in g  ^CuCBO^^-CuNO^ 0ne c a n  
o n ly  a c c o u n t  f o r  t h e  o b s e rv e d  m o l e c u l a r  w e ig h t  by  a s su m in g  
t h a t  2 m o le c u le s  o f  s o l v e n t  a r e  bonded t o  t h e  c u p r i c  n i t r a t e  
m o l e c u l e .
I t  i 3  b e l i e v e d  t h a t  t h e  BO^/Cu e q u i l i b r i u m  r a t i o  o f
E v a p o r a t i o n  o f  th e  e q u i l i b r i u m  m ix t u r e s  l e d  t o  th e
Cu(N0-a )p»2CHoOH = (CHoOn)pCuNO +
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w i tn  th e  number o f  p a r t i c l e s  tw o, and t h e r e f o r e  th e  e b u l l i o — 
s c o p ic  m o le c u la r  w e ig h t  = 12b. S in c e ,  a t  e q u i l i b r i u m ,  5 
m oles  o f  c u p r i c  n i t r a t e  a r e  a s s o c i a t e d  w i t h  one mole o f  r e ­
duced c o p p e r  th e  t o t a l  p r o c e s s  would be 
5Cu(CH3 0 H )2 (NO3 ) £ + CuNO^ =
CuN03 + 5Cu(Cfl3 0H)-N03+ + 5N03~
(1 2 5 .5 )  5 x  ( 189. 0) 5 x  (6 2 .0 )
w i th  th e  number o f  p a r t i c l e s  e l e v e n ,  and t h e r e f o r e  th e  e b u l l i o -  
s c o p ic  m o le c u la r  w e ig h t  = 127.
I t  I s  i n t e r e s t i n g  t o  n o te  t h a t  th is ra e th o d  m ig h t  w e l l  
be a b le  t o  d i s t i n g u i s h  oe tw een  a m onom olecu la r  and b im o l e c u la r  
s p e c i e s  f o r  th e  re d u c e d  compound. In  th e  fo rm e r  c a se  one 
would e x p e c t  a r a d i c a l  i n c r e a s e  i n  m o le c u l a r  w e ig h t  a s  th e  ex­
t e n t  o f  r e d u c t i o n  i n c r e a s e s  w h i le  i n  th e  l a t t e r  c a s e  th e  mo­
l e c u l a r  w e ig h t  would be a c o n s t a n t .  Only one e x p e r im e n t  was 
ru n  in  w h ich  s w i r l i n g  was a l lo w ed  t o  c o n t in u e  u n t i l  s h o r t l y  
b e f o r e  th e  m easurem en t was made. A n a ly s i s  o f  th e  r e s i d u e  and 
th e  s o l u t i o n  i n d i c a t e d  a N03/C u  r a t i o  o f  1 .7 7  and gave a mo­
l e c u l a r  w e ig h t  o f  133. No s i g n i f i c a n t  c o n c lu s io n  c a n  be drawn 
from  t h i s  o b s e r v a t i o n  b e c a u se  th e  d i f f e r e n c e  i s  w e l l  w i t h i n  
e x p e r im e n ta l  e r r o r .  I t  i s  i m p r a c t i c a l  t o  d i l u t e  th e  s o l u t i o n s  
much f u r t h e r  th a n  th o s e  employed b e c a u se  th e  e b u l l i o s c o p i c  
c o n s t a n t  f o r  m e th an o l i s  o n ly  0 .8 3 °G . and i n  more d i l u t e  solu^» 
t i o n s  th e  e r r o r s  i n h e r e n t  would make th e  o b s e r v a t i o n s  m eaning­
l e s s .
As a l a s t  s t e p ,  i t  i s  n e c e s s a r y  t o  c o n s i d e r  th e  f l u o ­
r i d e  d e r i v a t i v e s  p ro d u ced  from  th e  n i t r a t e  s o l u t i o n s  by th e
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a c t i o n  o f  ammonium f l u o r i d e ,  p u r e  ammonium t e t r a f l u o r o — 
c u p r a t e ( I I )  o n ly  p r e c i p i t a t e d  from  v e r y  d i l u t e  s o l u t i o n s ,  b u t  
i t  h a s  b e a n  d e m o n s t r a te d  t h a t  th e  ammonia a p p a r e n t l y  p ro d u c ed  
i n  t h e  c o u r s e  o f  o x i d a t i o n  o f  t h e  r e d u c e d  c o p p e r  n i t r a t e  s o lu ­
t i o n  h a s  no  e f f e c t  on w h ich  f l u o r i d e  i s  p ro d u c e d .  I t  i s ,  
t n u s ,  c l e a r l y  s e e n  t h a t  th e  ammonium f l u o r o c u p r a t e  p ro d u c e d  
i s  o n ly  d e p e n d e n t  on t h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  c o p p e r
s a l t  and ammonium f l u o r i d e  p r e s e n t  i n  th e  s o l u t i o n .  T h is
29r e s u l t  i s  i n  a c c o rd  w i t h  C r o c k e t ’ s p o s t u l a t e .
The p r e s e n c e  o f  th e  t e t r a f l u o r o c u p r a t e  c o n ta m in a n t  i n  
sa m p les  o f  th e  t r i f l u o r o c u p r a t e  may w e l l  b e  due t o  t h e  mode 
o f  p r e p a r a t i o n .  I n  a l l  c a s e s ,  e x c e s s  ammonium f l u o r i d e  was 
u sed  i n  th e  p r e c i p i t a t i o n s  w h i le  one m ig h t  e x p e c t  t h a t  th e  
p u re  t r i f l u o r o c u p r a t e  w ould form  e x c l u s i v e l y  i n  t h e  p r e s e n c e  
o f  e x c e s s  c o p p e r  s a l t .
S t r u c t u r a l  c o n s i d e r a t i o n s  b a s e d  on th e  in d e x in g  o f  
ammonium t e t r a f l u o r o c u p r a t e ( I I )  a r e  g iv e n  i n  th e  f o l l o w in g  
s e c t i o n .
I t  i s  b e l i e v e d  t h a t  c o p p e r  n i t r a t e  s o l u t i o n s  p r e s e n t  
many d i f f i c u l t i e s  w h ich  may be a v o id e d  by  a s tu d y  o f  th e  
r e a c t i o n s  o f  t h e  b ro m id e s  w i t h  m e th a n o l .  I t  i s  b e l i e v e d  t h a t  
th e  s tu d y  o f  t h e  r e a c t i o n  o f  c o p p e r ( I I )  b rom ide  w i t h  ammonium 
f l u o r i d e  h a s  b e e n  f a i r l y  w e l l  c o v e re d  i n  C r o c k e t ’ s  w ork  and 
t h i s  t h e s i s .  I t  i s ,  h o w ev er, n o t  known w h e th e r  c o p p e r ( I )  
b rom ide  w i l l  r e a c t  w i t h  a l k a l i  m e ta l  and ammonium f l u o r i d e s  
i f  a tm o s p h e r ic  oxygen i s  c o m p le t e ly  e x c lu d e d .  A s tu d y  o f  t h e  
a n a e r o b ic  r e a c t i o n s  o f  c o p p e r ( I )  b rom ide  w i t h  t h e s e  f l u o r i d e s
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sh ou ld  p rove v e ry  i n s t r u c t i v e
C. Ammonium T e t r a f l u o r o c u p r a t e ( I I )  S t r u c t u r a l  C o n s id e r a t io n s  
The in d e x in g  o f  th e  x—ra y  powder d i f f r a c t i o n  p a t t e r n  
o f  (NH^^CuF^ and c o r re sp o n d e n c e  o f  th e  ob se rv ed  and c a lc u ­
l a t e d  d e n s i t i e s  c l e a r l y  i n d i c a t e s  t h a t  th e  compound i s  i s o -
37morpnous w i th  K^CuF^. The K^CuF^ s t r u c t u r e  i s  c l o s e l y  
r e l a t e d  t o  th e  p e r o v s k i t e  s t r u c t u r e  e x h i b i t e d  by many a l k a l i  
m e ta l  and ammonium t r i f l u o r o m e t a l l a t e s  b u t  i s  c h a r a c t e r i z e d  
by d i f f e r e n t  c o o r d in a t io n  of th e  m e ta l  io n s  w i th  f l u o r i n e .
The d i f f e r e n c e  in  p ac k in g  i s  g iv e n  below ;
k e t a l  io n  c o o r d in a t io n  
w i th  f l u o r i d e  i n  KCUF3 
( P e r o v s k i te  s t r u c t u r e )
Copper o c t a h e d r a l  
2 a t  1.96 A 
4  a t  2 .0 7  A 
P o ta ss iu m  12 c o o r d in a t io n  
4  a t  2 .9 2  A 
8 a t  2 . 8ij. A
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n e t a l  i o n  c o o r d i n a t i o n  
w i t h  f l u o r i d e  i n  I ^ C u F ^ - 
(K2N iF ^  s t r u c t u r e )
o c t a h e d r a l  
2 a t  1 . 9 5  A
4  a t  2 .0 8  A
9 c o o r d i n a t i o n  
4  a t  2 . 7 7  A 
4  a t  2 . 9 4  A 
1 a t  2 . 5 9  A
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The c o o r d in a t io n  sp h e re  o f  th e  p o ta s s iu m  io n  in  th e  
two s t r u c t u r e s  i s  shown i n  F ig u re  I .  I t  i s  seen  t h a t  th e  
c o o r d in a t io n  s p h e re  o f  th e  p o ta s s iu m  io n  i n  th e  K2CuF^ s t r u c ­
t u r e  i s  q u i t e  asym m etric  and sym m etric i n  th e  p e r o v i s k i t e  
s t r u c t u r e .  The c o p p e r  i s  a t  th e  c e n t e r  o f  a d i s t o r t e d  o c ta —
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F igu re I
C o o r d i n a t i o n  o f  P o ta s s iu m  i n  KCuF^ and  K2 Cu*i; 
KCuF^ ( P e r o v s k i t e )
l a y e r  3 &
©  O•' > r c .  \
l a y e r  2 ($
l a y e r  1
Bond d i s t a n c e s
K-Fx = 2 .8 1 ;  
K-Fs  = 2 .9 2  
K—Fa = 2.81;
l a y e r  3
l a y e r  2
l a y e r  1
l^ C u F ^  S t r u c t u r e  
c
a x i s
^  P o ta s s iu m  
©  F l u o r i n e  
(C o p p e r  n o t  shown)
Bond D i s t a n c
K—F i = 2 .7 7  
K—F# = 2 .9 1 ;  











h ad ro n  o f  f l u o r i d e  io n s  in  b o th  s t r u c t u r e s  and i s  n o t  shown 
i n  th e  d raw in g .
Each u n i t  c e l l  o f  th e  ILpCuF^ s t r u c t u r e  h a s  two 
p o ta s s iu m  i o n s  i n  th e  d e p i c t e d  9  c o o r d i n a t i o n  — one on e a ch  
s i d e  o f  a p la n e  o f  m ir r o r  symmetry w h ic h  i s  p e r p e n d i c u l a r  
t o  th e  c a x i s .
A f u r t h e r  o d d i ty  of t h i s  s t r u c t u r e  i s  t h a t  th e  pack­
ing  a lo n g  th e  c a x i s  o f  th e  c e l l  i s  v e ry  t i g h t .  T his  r e s u l t s
in  th e  K— bond d i s t a n c e  b e in g  a b n o rm a lly  s h o r t  (K—F d i s —
o
ta n c e  i n  p o ta s s iu m  f l u o r i d e  i s  2 .6 7  A)* S e v e ra l  f l u o r i d e s  
and o x id e s  h av in g  th e  K^CuF^ s t r u c t u r e  have been  s tu d i e d  by 
x—r a y  d i f f r a c t i o n  m ethods and i t  a p p e a r s  t h a t  t h i s  abno r­
m a l ly  s h o r t  d i s t a n c e  i s  a c h a r a c t e r i s t i c  o f  th e  s t r u c t u r e .
I n t r o d u c t i o n  o f  an  ammonium io n  i n t o  a c a v i t y  h av in g  
th e  odd a r ra n g e m e n t e x h i b i t e d  by th e  p o ta s s iu m  t e t r a f l u o r o -  
c u p r a t e ( I I )  s t r u c t u r e  cou ld  p roduce  two e f f e c t s  w h ich  do n o t  
o c c u r  w i th  p o ta s s iu m .  The p o s s i b i l i t y  o f  hydrogen  bonding 
m ust be c o n s id e r e d  and i t  m ig h t  be e x p e c te d  t h a t  th e  asymmetry 
o f  th e  s i t e  co u ld  a c t  on th e  s p h e r i c a l  symmetry o f  th e  ammonium 
i o n .
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C ro ck e t  s tu d i e d  th e  i n f r a - r e d  sp ec tru m  o f  (HtAj|) 20aFk
and co n c lu d ed  t h a t  th e  ammonium io n s  in  th e  s t r u c t u r e  were
p r e s e n t  i n  u n e q u iv a le n t  l a t t i c e  p o s i t i o n s .  T h is  c o n c lu s io n
39was b ased  upon an  e m p i r i c a l  model s u g g e s te d  by  W addington.
The i n f r a —re d  sp ec tru m  was r e d e te rm in e d  u s in g  m u l l s  c o n ta in e d  
betw een  sodium c h l o r i d e  and ca lc iu m  f l u o r i d e  w indow s. B oth  
gave i d e n t i c a l  s p e c t r a  w h ich  d i f f e r e d  o n ly  s l i g h t l y  from  th e
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s p e c t ru m  r e p o r t e d  by C r o c k e t .  A l i s t  o f  i n f r a - r e d  b a n d s  i s  
g iv e n  i n  T a b le  X I .  B ased  upon th e  x—r a y  s t r u c t u r a l  e v i d e n c e ,  
t h e  p o s t u l a t e  t h a t  t h e  ammonium i o n s  a r e  p r e s e n t  i n  n o n -  
e q u i v a l e n t  l a t t i c e  s i t e s  w ould  no  l o n g e r  a p p e a r  t o  be  v a l i d .  
I t  may be p o s s i b l e  t o  r e —e v a l u a t e  t h e  s p e c t r a l  e v id e n c e  w i t h  
r e f e r e n c e  t o  t h e  known s t r u c t u r e  o f  iso m o rp h o u s  IS^CuF^.
I t  i s  n o te d  t h a t  th e  s p e c t ru m  c o n t a i n s  more b a n d s  
t h a n  any  ammonium compound r e p o r t e d  b y  W a d d in g to n .  2Vo 
s im p le  e x p l a n a t i o n s  o f  t h e  s p e c t r a l  c o m p le x i ty  c a n  be r e a d i l y  
e l i m i n a t e d .  The com plex  s p e c tru m  i s  n o t  t h e  r e s u l t  o f  i n t e r s  
a c t i o n  o f  th e  f l u o r i d e  w i t h  t h e  NaCl windows b e c a u s e  sa m p le s  
c o n t a i n e d  b e tw e e n  Ca?2 windows gave  th e  same s p e c t r u m .
I t  w ould  b e  p o s s i b l e  t o  g e n e r a t e  u n e q u i v a l e n t  p o s i ­
t i o n s  f o r  t h e  ammonium io n s  by  s i t e  i n t e r c h a n g e  o f  one am­
monium i o n  w i t h  a c o p p e r  a to m . T h is  i s  h i g h l y  u n l i k e l y  f o r  
two r e a s o n s .  P r i n c i p a l l y ,  su c h  a n  ex ch an g e  w ould  r e s u l t  i n  
a c o p p e r  atom  i n  n i n e f o l d  c o o r d i n a t i o n .  T h is  seem s h i g h l y  
u n l i k e l y .  I t  w ould  a l s o  d e s t r o y  th e  m i r r o r  sym m etry  o f  th e  
u n i t  c e l l .
I n t e r p r e t a t i o n  o f  th e  i n f r a - r e d  s p e c t ru m  o f  t h e  sub­
s t a n c e  m u st be a p p ro a c h e d  w i t h  a g r e a t  d e a l  o f  c a u t i o n  be­
c a u s e  t h e  ammonium i o n  l i e s  i n  a v e r y  a s y m m e tr ic  e n v i r o n m e n t .  
I t  a p p e a r s  s a f e  t o  assum e t h a t  a l l  th e  b an d s  r e c o r d e d  i n  t h e  
s p e c t ru m  a r e  c a u s e d  b y  p e r t u r b a t i o n  o f  t h e  ammonium i o n  by  
t h e  e n v i ro n m e n t  r a t h e r  t h a n  by i n f r a - r e d  b a n d s  o f  th e  f l u o ­
r i d e  e n v e lo p e  i t s e l f  b e c a u s e  l^ C u F ^  o n ly  one w eak ,
d i f f u s e  band a ro u n d  3450  cm” 1 .
Table XI
I n f r a - r e d  M ull S p e c t r a  o f  Ammonium T e t r a f l u o r o c u p r a t e ( I I )
and Ammonium F lu o r id e
ammonium 
t e t r a f l u o r o c u p r a t e ( I I )  
t h i s  w ork
cm"”1
ammonium 
t e t r a f l u o r o c u p r a t e ( I I )  
from  C ro c k e t  (1)
cm—1
ammonium
f l u o r i d e
(2)
Nfl. F 
f r e q u e n c y  
a s s ig n m e n t (2)
S p e c t r a l  
r a n g e s  f o r  
o t h e r  ammo­
nium s a l t s ( 2 )
cm*”1
11*20 vs 11*30 vs - - -
11*70 s 11*73 s 11*81* * k 1390-11*30
1673' vvw 1675 VVW - - -
1685 vvw sh o u ld — - - —
1775
1823 vvw v b r  (3) — — —
2060 vvw - 2007 ^  + ^ 6 1670-1823
2890 m b r 2890 m b r 2830 2v^ 2770-2920
3030 s b r 3070 s b r 3021* v 2 + 3000-3100
3170 sh o u ld  (1*) - 3100 v 3 3100-3332
3230 vs v b r 321*0 v s  v b r - - -
(1 )  D. S. C ro c k e t ,  R e fe re n c e  2 9 ; (2) T. C. W addington , R e fe re n c e  39 ; (3 )  Band o n ly  
a p p e a r s  a s  a d i f f u s e  a r e a  o f  a b s o r p t i o n  in  v e r y  c o n c e n t r a t e d  m u l l s ;  (1*) Only a p p e a r s  a s  
a p o o r ly  d e f in e d  s h o u ld e r  on 3230 cm—* band .
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39W adding ton*s e m p i r i c a l  a p p ro a c h  t o  th e  d e te rm in a ­
t i o n  o f  hyd ro g en  b o n d in g  i n  ammonium compounds can  be b r i e f l y  
sum m arized i n  th e  f o l l o w in g  m anner .
I n  a f r e e l y  r o t a t i n g  ammonium io n  t h e r e  a r e  two i n f r a ­
re d  a c t i v e  fu n d a m e n ta ls *  a t r i p l y  d e g e n e r a te  W-H s t r e t c h  ( jv^ )  
and a t r i p l y  d e g e n e r a te  t o r s i o n a l  v i b r a t i o n  ( T h is
d e g e n e ra c y  i s  removed i f  th e  io n  i s  lo c k e d  i n t o  p l a c e  i n  th e  
l a t t i c e  by h y d ro g e n  b o n d in g  and r e s u l t s  i n  c o n s i d e r a b l e  conv- 
p l i c a t i o n  o f  th e  i n f r a - r e d  sp e c tru m . The d e g e n e ra c y  o f  
i s  removed and g i v e s  r i s e  t o  a m u l t i p l e  band s t r u c t u r e  i n  th e  
3100 cm"1 r e g i o n .  A s i m i l a r  e f f e c t  o c c u rs  w i th  b u t  i s  
u s u a l l y  n o t  r e s o lv e d  a t  room te m p e r a tu r e  and a p p e a r s  a s  a 
s i n g l e  b ro a d  band a t  a b o u t  llj.00 cm"*1 . I t  was a l s o  n o te d  t h a t  
a s t r o n g  c o r r e l a t i o n  o c c u r re d  be tw een  th e  l a c k  o f  i s o s t r u c — 
t u r a l i t y  o f  th e  ammonium compound and i t s  p o ta s s iu m  and 
ru b id iu m  a n a lo g u e s  and th e  a p p e a ra n c e  o f  a c o m b in a t io n  mode 
w h ich  h a s  b e e n  a s s ig n e d  t o  + sr^. T h is  band a p p e a r s  a t  
a b o u t  1800 cm” 1 o n ly  i n  compounds w h ich  a l s o  show th e  m u l t i p l e  
s t r u c t u r e  o f  th e  band*
H ydrogen b o n d in g  c a n  be  assumed t o  be a b s e n t  i f  th e  
ammonium compound i s  i s o s t r u c t u r a l  w i th  i t s  p o ta s s iu m  and 
ru b id iu m  a n a lo g u e s  and th e  i n f r a - r e d  sp e c tru m  shows th e  
a b s e n c e  o f  s p l i t t i n g  and th e  c o m b in a t io n  b a n d .
I f  th e  s t r u c t u r e  o f  th e  ammonium compound i s  d i f f e r e n t  
from  th e  p o ta s s iu m  and ru b id iu m  compounds and shows b o th  
s p l i t t i n g  and th e  p r e s e n c e  o f  th e  c o m b in a t io n  mode, h y d ro g en  
b o n d in g  i s  a s a f e  a s s u m p t io n .
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A c o m p a r iso n  o f  th e  t a b l e  o f  d a ta  on ammonium t e t r a — 
f l u o r o c u p r a t e ( IX) w i t h  t h e  d a ta  on o t h e r  s a l t s  i n v e s t i g a t e d  
by W addington y i e l d s  s e v e r a l  v a r y  i n t e r e s t i n g  c o r r e l a t i o n s .
The s t r o n g e s t  band i n  (NH^)~CuI^ ( e x h i b i t s  a
much g r e a t e r  s p l i t  th a n  any compound s t u d i e d  by w a d d in g to n .
I f  t h i s  s p l i t  i s  due t o  h y d ro g e n  b o n d in g  i n  th e  compound, one  
w ould  e x p e c t  t h e  c o m b in a t io n  mode ( -v^ + t o  be much
s t r o n g e r  th a n  i s  o b s e r v e d .  The o b v io u s  i n f e r e n c e  i s  t h a t  
h y d ro g en  b o n d in g  i s  r a t h e r  n e g l i g i b l e .
There w ou ld  a p p e a r  t o  be a s e l f - c o n s i s t e n t  s e t  o f  
bands w h ic h  can  be e x t r a c t e d  from  th e  o b s e r v e d  sp e c tr u m .
T h is  s e t  o f  ban d s o c c u r s  a t  a p p r o x im a t e ly  t h e  same f r e q u e n ­
c i e s  a s  t h o s e  e x h i b i t e d  by ammonium f l u o r i d e .  The r e m a in in g  
bands a l l  l i e  w i t h i n  t h e  f r e q u e n c y  l i m i t s  f o r  th e  fu n d a m e n ta ls  
and c o m b in a t io n  b an d s f o r  o t h e r  s a l t s .
T h is  w ou ld  s u g g e s t  t h a t  t h e  ammonium io n  c o u ld  be 
th o u g h t  t o  be f r e e l y  r o t a t i n g  i n  t h e  c a v i t y  form ed b y  th e  
f l u o r i d e  i o n s .  I t  a l s o  s u g g e s t s  t h a t  th e  d i s t a n c e  o f  c l o s e s t  
a p p ro a c h  t o  a f l u o r i d e  i o n  a p p r o x im a te s  t h e  a p p ro a c h  d i s t a n c e  
in  ammonium f l u o r i d e .  S i m i l a r l y ,  i t  w ou ld  a p p e a r  t h a t  a 
s e c o n d a r y  a p p ro a ch  d i s t a n c e  i s  p o s s i b l e  b u t  t h a t  t h i s  d i s ­
t a n c e  i s  som ewhat g r e a t e r .  Thus i t  w ou ld  a p p e a r  t h a t  C r o c k e t* s  
a s s u m p t io n  o f  two u n e q u i v a l e n t  l a t t i c e  s i t e s  c o u ld  be  b orn e  
o u t  b u t  t h a t  b o t h  u n e q u i v a l e n t  l a t t i c e  s i t e s  o c c u r  w i t h i n  one  
c r y s t a l l o g r a p h i c  l o c a t i o n .
As n o t e d  p r e v i o u s l y ,  t h e  p o t a s s iu m  In  KgCuP^ h a s  one  
a b n o r m a lly  s h o r t  d i s t a n c e  t o  a f l u o r i d e  i o n  o f  t h e  c a v i t y  s o
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t h a t  t h e  a s s u m p t io n  o f  a n  ammonium t o  f l u o r i d e  d i s t a n c e  
a p p r o a c h i n g  t h a t  i n  ammonium f l u o r i d e  i s  n o t  u n r e a s o n a b l e .
I t  i s  n o t e d  t h a t  t h e r e  a r e  two v e r y  w eak b a n d s  i n  
t h e  s p e c t r a l  r e g i o n  n o r m a l l y  a s c r i b e d  t o  t h e  c o m b in a t io n  
m ode. T h is  m ig h t  im p ly  t h a t  t h e  v e r y  s t r o n g  s p e c t r a l  band  
c e n t e r e d  a t  l l |2 0  cm” 1 i s  a c t u a l l y  m u l t i p l e .  A c o n s i d e r a t i o n  
o f  t h e  g e o m e try  o f  t h e  p o t a s s i u m  compound s u g g e s t s  t h a t  tw o 
s u c h  a p p r o a c h  d i s t a n c e s  a r e  p o s s i b l e .
The e x t r e m e l y  b r o a d  c h a r a c t e r  o f  t h e  b an d  a t  2890— 
3230  cm"*1 m ig h t  w e l l  b e  i n  p a r t  due t o  t h e  p i l i n g  up o f  8 
o r  m ore s p e c t r a l  b a n d s  in  t h i s  r e g i o n .  T h is  m u s t  n o t  be 
c o n s i d e r e d ,  h o w e v e r ,  a s  t h e  o n ly  e f f e c t  b e c a u s e  W a d d in g to n  
e n c o u n t e r e d  t h e  same e f f e c t  i n  and  t e n t a t i v e l y
a s c r i b e d  th e  band  m u l t i p l i c i t y  t o  c a v i t y  a s y m m e try .
I t  I s  i n t e r e s t i n g  t o  n o t e  t h a t  a f r e e l y  r o t a t i n g  
ammonium i o n  i n  t h e  c a v i t y  i s  c o m p a t i b l e  w i t h  t h e  o b s e r v e d  
x—r a y  d i f f r a c t i o n  sym m etry  b u t  f i x e d  (and  d i f f e r e n t )  ammo­
nium  i o n s  w o u ld  r e q u i r e  t h e  d o u b l i n g  o f  t h e  u n i t  c e l l  o r  
p o s s i b l y  t h e  p r e s e n c e  o f  some s u p e r l a t t i c e  l i n e s .  The x—r a y  
d i f f r a c t i o n  p o w d er  p a t t e r n  show s no  e v i d e n c e  o f  w eak  supez*- 
l a t t i c e  l i n e s .
I t  w ould  b e  e x t r e m e l y  i n t e r e s t i n g  t o  s t u d y  t h e  
s p e c t r u m  o f  t h i s  s a l t  a s  a f u n c t i o n  o f  t e m p e r a t u r e  t o  s e e  
i f  t h e  b r o a d  ban d  a t  1420  cnP x i s  a c t u a l l y  a m u l t i p l e  b a n d .  
I t  w o u ld  a l s o  be o f  e x t r e m e  v a l u e  t o  know t h e  a c t u a l  s h a p e  
o f  t h e  c a v i t y  and  p a r t i c u l a r l y  t h e  i n t e r a t o m i c  d i s t a n c e s .
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Such a s tu d y  m ig h t  w a l l  i n d i c a t e  w h e th e r  a s p h e r i c a l l y  sym­
m e t r i c a l  ammonium io n  c o u l d ,  i n  f a c t ,  f i t  i n  t h i s  c a v i t y  
o f  i f  th e  c a v i t y  i s  f l a t t e n e d  t o o  much t o  make t h i s  p o s s i b l e .
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CHAPTER IV
SOME COMPLEX REACTIONS OF SILVER NITRATE WITH METALS
The r e a c t i o n s  o f  t i t a n i u m ,  vanadium , n io b iu m , molyb­
denum, i r o n  and chromium a r e  e x c e e d i n g l y  com p lex  i n  n a t u r e .
In t h e s e  c a s e s  th e  pr im ary  r e a c t i o n  o f  th e  s i l v e r  n i t r a t e  w i t h  
th e  m e t a l l i c  e le m e n t  i s  f r e q u e n t l y  masked by s e c o n d a r y  r e a c ­
t i o n s  w h ic h  a p p a r e n t ly  o c c u r  by a t t a c k  o f  th e  n i t r a t e  form ed  
on th e  m e th a n o l  s o l v e n t .
Three e x p e r im e n t s ,  l i s t e d  b e lo w ,  i n d i c a t e  t h e  ty p e  
o f  phenomena e n c o u n te r e d  w i t h  t h e s e  m e t a l s .
(a )  A s m a l l  amount o f  vanadium  and e x c e s s  s i l v e r  n i t r a t e  
w ere  c o v e r e d  w i t h  m e th a n o l .  R e a c t io n  p r o c e e d e d  sm o o th ly  w i t h  
th e  f o r m a t io n  o f  a g r e e n  s o l u t i o n  and d e p o s i t i o n  o f  s i l v e r  
n e e d l e s .  A f t e r  a s h o r t  t im e  a g a s  b ega n  t o  e v o lv e  w h ic h  was  
i d e n t i f i e d  a s  m e th y l  n i t r i t e  (CH^ONO) by means o f  i t s  i n f r a ­
red  sp ectru m  and h i g h  v o l a t i l i t y .  In  t h e  c o u r s e  o f  th e  e v o lu ­
t i o n ,  th e  s o l u t i o n  became y e l l o w i s h —g r e e n .  N ear  th e  end o f  
th e  r e a c t i o n ,  p resu m a b ly  when a l l  o f  th e  vanadium was e i t h e r  
c o a te d  o r  u sed  u p , n i t r o g e n ( I I )  o x id e  b eg a n  t o  e v o l v e .  At th e  
end o f  th e  r e a c t i o n  t h e  s o l u t i o n  was c l e a r  y e l l o w .  A d d i t io n  
o f  m e t h a n o l i c  ammonium f l u o r i d e  t o  th e  f i l t e r e d  s o l u t i o n  
c a u se d  th e  f o r m a t io n  o f  (NHj^VOF^ w h ic h  was i d e n t i f i e d  by  
i t s  pow der d i f f r a c t i o n  p a t t e r n .
H e a t in g  a s m a l l  p o r t i o n  o f  th e  c l e a r  y e l l o w  s o l u t i o n  
c a u se d  th e  p r e c i p i t a t i o n  o f  a y e l l o w  s o l i d  and t h e  f o r m a t io n
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o f  a v e ry  s h a rp ,  pungen t odor in  th e  s o l u t i o n .  T h is  odor was 
s u b s e q u e n t ly  a t t r i b u t e d  t o  th e  p re s e n c e  o f  m e th y l n i t r a t e  
(CH^ONC^) i n  th e  s o l u t i o n s .  The m e th y l n i t r a t e  a p p a r e n t ly  
caused  s e v e r a l  e x p lo s io n s  when a t te m p ts  were made t o  c a r r y  
o u t  r e a c t i o n s  a t  th e  b o i l i n g  p o in t  of m e th a n o l .
(b) As in d i c a t e d  u n d e r  c o b a l t ,  s i l v e r  n i t r a t e  and h e t e r o ­
geneous m ix tu re s  o f  s i l v e r  n i t r a t e  w i th  powdered g l a s s  showed 
no a c t i v i t y  tow ard m e th a n o l ,  even  u n d e r  p ro lo n g ed  r e f l u x .
(c )  A m ix tu re  o f  vanadium and s i l v e r  n i t r a t e  in  1 ,2 —d i— 
m ethoxyethane evo lved  n i t r o g e n ( I I )  ox ide  u n d e r  s i m i l a r  con­
d i t i o n s .
The e x p e r im e n ta l  ev id en c e  w hich  le a d  t o  th e  fo rm u la ­
t i o n  o f  th e s e  complex r e a c t i o n s  i s  c o n s id e r e d  s e p a r a t e l y  
u n d e r  th e  v a r io u s  m e ta l s .  In  a l l  c a s e s ,  w e ig h t  changes in  
th e  r e s i d u e s  gave l i t t l e  a id  i n  i n t e r p r e t i n g  th e  r e s u l t s  so 
t h a t  th e  sequence o f  e v e n ts  o c c u r r in g  in  th e  s o l u t i o n s  had 
to  be i n f e r r e d  on th e  b a s i s  o f  th e  s o l i d  p ro d u c ts  fo rm ed .
A* G e n e ra l  Summary o f  S x p e r im e n ta l  Work
(1) T itan ium  — Samples o f  t i t a n iu m  sponge and s i l v e r  n i t r a t e  
were mixed and co v e red  w i th  s u f f i c i e n t  m e th an o l t o  make a p p ro x i­
m a te ly  2% (by w e ig h t)  s o l u t i o n s  o f  s i l v e r  n i t r a t e .  Samples 
were a l lo w ed  t o  r e a c t  f o r  s e v e r a l  w eeks, i n  s e a le d  v e s s e l s ,  a t  
room te m p e r a tu r e .  A y e l lo w  s o l u t i o n  was p roduced  and s i l v e r  
n e e d le s  were o bse rved  t o  grow s lo w ly  from th e  s u r f a c e  o f  th e  
sp o n g e . A d d i t io n  o f  m e th a n o l ic  ammonium f l u o r i d e  p roduced  a 
w h ite  powder w hich  was i d e n t i f i e d  a s  (N H ^^T iFk by means o f
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i t s  x—r a y  pow der d i f f r a c t i o n  p a t t e r n .  C o m p ar iso n  o f  th e  
p a t t e r n  w i t h  t h e  r e p o r t e d  p a t t e r n  o f  (N H ^ ^ a e F ^  i n d i c a t e d  
t h a t  t h e  h e x a f l u o r o t i t a n a t e  w as i s o s t r u c t u r a l . ^
S t o i c h i o m e t r i c  c a l c u l a t i o n s  b a s e d  on t h e  w e ig h t  
c h a n g e s  i n  t h e  r e s i d u e s  g av e  v a r i a b l e  r e s u l t s  r a n g i n g  from  
a b o u t  6 .0  t o  7 -5  m o le s  o f  s i l v e r  p r e c i p i t a t e d  p e r  m ole o f  
t i t a n i u m  d i s s o l v e d .  I t  was c o n c lu d e d  t h a t  l i t t l e  o r  n o  
s i g n i f i c a n c e  s h o u l d ,  h o w e v e r ,  be p l a c e d  on t h e s e  nu m b ers  f o r  
s e v e r a l  r e a s o n s .
!Eie s u r f a c e  o f  th e  t i t a n i u m  was a lw a y s  o b s e rv e d  t o
h a v e  a v e r y  s m a l l  am ount o f  y e l l o w  t o  b l a c k i s h  c r u s t .  T h is
c r u s t  w as i n s o l u b l e  i n  w a t e r  b u t  d i s s o l v e d  i n  s t r o n g  m i n e r a l  
a c i d s .  W ith  z i n c  and HC1 i t  g av e  a y e l l o w  c o l o r  c h a r a c t e r -  
i s t i c  o f  r e d u c t i o n  o f  t e t r a v a l e n t  t i t a n i u m .
The a to m ic  w e ig h t  o f  t i t a n i u m  i s  v e r y  low  ( 4 7 -9 0 )
and I f  one a s su m es  t h e  f o r m a t i o n  o f  a p o l y v a l e n t  s p e c i e s ,
t h e  e q u i v a l e n t  w e ig h t  becom es so  low  t h a t  t h e  f o r m a t i o n  o f  
e v e n  t r a c e s  o f  f o r e i g n  m a t t e r  w i l l  v e r y  r a d i c a l l y  a f f e c t  t h e  
a p p a r e n t  r a t i o  c a l c u l a t e d  fro m  w e i g h t  l o s s e s .  S in c e  a v e r y  
s m a l l  am ount o f  s u c h  f o r e i g n  m a t t e r  was a lw a y s  n o t e d ,  i t  was 
c o n c lu d e d  t h a t  t h e  w e ig h t  ch a n g e  w as n o t  a v a l i d  i n d i c a t i o n  
o f  t h e  s t o i c h i o m e t r y .  S e v e r a l  s a m p le s  o f  th e  n i t r a t e  fo rm ed  
w ere  p r e p a r e d  i n  t h e  s o l i d  s t a t e  by e v a p o r a t i o n  o f  t h e  s o l ­
v e n t  m e th a n o l  u n d e r  vacuum a t  2$ °C .  The s o l i d  fo rm ed  b e g a n  
t o  e v o lv e  NO^ a s  so o n  a s  t h e  s o l v e n t  was rem o v e d . I g n i t i o n  
o f  t h e  s o l i d  s a m p le s  g ave  v e r y  l a r g e  q u a n t i t i e s  o f  NOg-
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A n a l y s i s ,  by i g n i t i o n  a t  1 0 0 0 ° C . ,  i n d i c a t e d  2 0 .9 7 $  Ti in  th e  
s a m p le s .
C a lc u la t e d  f o r  TifNO^)^ = 1 6 .2 $
C a lc u la t e d  f o r  T i0(tf03 ) 2  = 2 5 .5 $
A llo w in g  th e  sam ple t o  s ta n d  f o r  a lo n g  t im e  in  a d e s i c c a t o r ,  
o v e r  BaO, r e s u l t e d  i n  a y e l l o w  r e s i d u e  w h ic h  c o n t a in e d  n i t r a t e  
but was amorphous t o  x—r a y s .  Tne p r o d u c t  c o n t in u e d  t o  e v o lv e  
NO  ^ f o r  t h r e e  m onth s.
More c o n c e n tr a t e d  s o l u t i o n s  o f  s i l v e r  n i t r a t e  and 
t i t a n iu m  e v o lv e d  a g a s  a t  room te m p e r a tu r e .  T h is  g a s  was 
i d e n t i f i e d  a s  pure Cfl^ONO by co m p a riso n  o f  i t s  i n f r a - r e d  sp ec ­
trum w i t h  a sam ple o f  pure CH^ ONO s y n t h e s i z e d  by r e a c t i n g  
r e a g e n t  grad e  NaN0 2  w i th  s u l f u r i c  a c id  i n  a m ix tu r e  o f  metha­
n o l  and w a te r ,  and d r y in g  th e  e v o lv e d  g a s .
A 10 ml sam ple o f  th e  c l e a r  s o l u t i o n  c o n t a i n i n g  th e  
s o l u b l e  t i t a n iu m  compound was d i s t i l l e d  t o  a s c e r t a i n  what 
o t h e r  p r o d u c ts  w ere fo rm e d . T h is  sam ple was o b ser v ed  t o  p re­
c i p i t a t e  a y e l l o w  i n s o l u b l e  compound when b o i l e d .  F r a c t io n s  
o f  th e  d i s t i l l e d  s o l v e n t  w ere  a n a ly z e d  by i n f r a - r e d  s p e c t r o s —
iiOcop y  u s in g  th e  l i q u i d  c a v i t y  c e l l  d e v e lo p e d  i n  t h i s  l a b o r a t o r y ;  
The f i r s t  6  ml o f  d i s t i l l a t e  were d e term in ed  t o  be pure metha­
n o l .  The n e x t  two ml c o n t a in e d  a la r g e  amount o f  a v e r y  pun­
g e n t  compound w h ich  was i d e n t i f i e d  a s  m e th y l  n i t r a t e  by com­
p a r i s o n  o f  i t s  i n f r a - r e d  sp ectru m  w i t h  a known s t a n d a r d .  The 
i n f r a - r e d  sp ectru m  o f  th e  m ix tu r e  o f  m e th a n o l  and m e th y l  n i t r a t e  
was n o t  sh a rp  a s  d e s i r a b l e  b u t  a l l  s t r o n g  b an d s  a s s ig n e d  t o  
m e th y l  n i t r a t e  were c l e a r l y  d e f i n e d .  Q u a l i t a t i v e  a n a l y s i s  o f
t h e  y e l l o w  r e s i d u a  i n d i c a t e d  t h a t  t h e  m a t e r i a l  c o n t a i n e d  
l i t t l e  o r  n o  n i t r a t e  o r  n i t r i t e .  S e v e r a l  s a m p le s  o f  t h i s  
m a t e r i a l  w ere  i g n i t e d  t o  d e t e r m in e  t h e  t i t a n i u m  c o n t e n t ,  
b u t  gave v a r i a b l e  r e s u l t s  b e tw e en  33—3 5 ^ .  I n f r a - r e d  s p e c t r a  
o f  t h e s e  r e s i d u e s  s u g g e s te d  t h e  p r e s e n c e  o f  m e th o x id e  and 
h y d r o x y l  g ro u p s  b u t  w ere  n o t  v e r y  r e p r o d u c i b l e .
A v e r y  c a r e f u l  s e a r c h  was made f o r  o t h e r  o x id iz e d  
f r a g m e n ts  o f  th e  s o l v e n t  b e c a u s e  t h e  p r o d u c t i o n  o f  m e th y l  
n i t r i t e  from  t h e  n i t r a t e  r e q u i r e s  a ch a n g e  i n  f o r m a l  c h a rg e  
fro m  +5 t o  + 3 . The i n s e t  b e lo w  l i s t s  t h e  b o i l i n g  p o i n t s  o f  
some p o s s i b l e  p r o d u c t s  o f  th e  o x i d a t i o n  o f  m e th a n o l .
B o i l i n g  P o i n t s  o f  P o s s i b l e  O x id a t io n  P r o d u c t s  o f  M e th an o l
CO -1 9 0 °  C C02 - 7 8 . 5 °  G CH2 0 - 2 1 °  C
HCOOH +101° C HC02 CH3 + 3 1 .5 °  C CH2 (0CH3 ) 2 +if4°C
The p r e s e n c e  o f  a l l  o f  t h e s e  m a t e r i a l s  was s o u g h t  
f o r  I n  g a s  sa m p le s  and d i s t i l l a t i o n  f r a g m e n t s  b u t  no o x i ­
d iz e d  f r a g m e n t s  w ere  e v e r  f o u n d .  S i m i l a r l y ,  i n f r a —re d  
a n a l y s i s  o f  t h e  r e s i d u e s  i n d i c a t e d  no a b s o r p t i o n  i n  t h e  
n o rm a l  f r e q u e n c i e s  w here  c a r b o n y l  v i b r a t i o n s  o c c u r .
One sam ple  o f  c l e a r  s o l u t i o n  was m ixed w i t h  10 m l
o f  d r y  t o l u e n e  and d i s t i l l e d  a s  b e f o r e .  A l l  d i s t i l l a t i o n
f r a g m e n t s  w ere  a n a ly z e d  by  i n f r a - r e d  l i q u i d  s p e c t r a .  The 
d i s t i l l a t i o n  o c c u r r e d  i n  a num ber o f  d i s t i n c t  s t a g e s  w h ic h  
a r e  t a b u l a t e d  s e p a r a t e l y .
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T em perature  o f
F r a c t i o n _______________ P r o d u c t s  from  i n f r a - r e d  a n a l y s i s
6 5 ° G (9  m l)  CH^OH w i t h  a t r a c e  o f  t o l u e n e
9 8 —1 0 2 ° C Formed i m m is c i b l e  l a y e r s .  P r e s e n c e
(c a  1  m l)  o f  l a r g e  am ounts o f  w a t e r ,  n i t r i c
a c i d ,  t r a c e s  o f  m e th a n o l  and much  
t o l u e n e .
1 1 2 ° G (5 m l)  E s s e n t i a l l y  pu re  t o l u e n e
L iq u id  r e s i d u e  T oluene c o n t a i n i n g  some n i t r o t o l u e n e s
The p r e s e n c e  o f  w a t e r  was c l e a r l y  i n d i c a t e d  by t h e  
f o l l o w i n g  t e s t .  S e v e r a l  c r y s t a l s  o f  a n h y d r o u s  c o p p e r  s u l f a t e  
w ere  added t o  th e  s o l u t i o n s  from  t h e  m id d le  f r a c t i o n s .  The 
c r y s t a l s  im m e d ia t e ly  tu r n e d  d e e p  b l u e .  A c o n t r o l  t e s t  u s i n g  
m e th a n o l  g a v e  no i n d i c a t i o n  o f  c o l o r  a f t e r  5  m i n u t e s .
Hie p r e s e n c e  o f  l a r g e  am ounts o f  t o l u e n e  i n  t h e  m id d le  
f r a c t i o n s  i s  e a s i l y  e x p l a i n e d  on th e  b a s i s  o f  a s te a m  d i s t i l ­
l a t i o n  o f  t h e  im m is c i b l e  s y s te m  w a t e r  (HNO^), t o l u e n e .
i t  was o b s e r v e d  t h a t  c o n c e n t r a t e d  s o l u t i o n s  o f  th e  
s o l u b l e  t i t a n i u m  n i t r a t e  s o l u t i o n  a l s o  g a v e  a w a t e r  t e s t  w i t h  
a n h y d r o u s  c u p r i c  n i t r a t e .  The p r e s e n c e  o f  n i t r i c  a c i d  su g ­
g e s t e d  by  t h e  s p e c t r a l  a n a l y s i s  w as c h e c k e d  by u s e  o f  KI— 
s t a r c h  p a p e r ;  t h e  KI p a p e r  b l a c k e n e d ,  i n d i c a t i n g  t h e  p r e s e n c e  
o f  an o x i d i z i n g  a g e n t .
( 2 )  Vanadium — As i n d i c a t e d  i n  t h e  p r e l i m i n a r y  n o t e s ,  van a­
dium and s i l v e r  n i t r a t e  r e a c t e d  v i g o r o u s l y  t o  p r o d u ce  g r e e n  
s o l u t i o n s  w h ic h  tu r n e d  o r a n g e  w h i l e  e v o l v i n g  m e t h y l  n i t r i t e  
g a s .  S t o i c h i o m e t r i c  c a l c u l a t i o n s  b a s e d  on  w e i g h t  c h a n g e s  i n  
t h e  r e s i d u e s  w ere  n o t  d e te r m in e d  b e c a u s e  i n s p e c t i o n  o f  t h e s e  
r e s i d u e s  w i t h  a 3  p ow er  m a g n i f y in g  g l a s s  c l e a r l y  show ed t h e
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p r e s e n c e  o f  s i l v e r ,  v an ad iu m  and a g r e e n i s h ,  am orphous 
m a t e r i a l  w h ic h  a p p e a r e d  t o  be  p r e s e n t  i n  v a r i a b l e  a m o u n ts .
The g r e e n i s h  m a t e r i a l  was s o l u b l e  i n  s t r o n g  b a s e  and th e  
r e s u l t a n t  s o l u t i o n s  a p p e a r e d  t o  r e d u c e  a c i d i c  f e r r o u s  ammo­
nium s u l f a t e .
A d d i t i o n  o f  m e t h a n o l i c  ammonium f l u o r i d e  t o  the 
f i l t e r e d  s o l u t i o n s  c a u s e d  th e  f o r m a t i o n  o f  a y e l l o w  p r e c i p i ­
t a t e .  A n a l y s i s  o f  t h e  f l u o r i d e ,  by  x—r a y  pow der d i f f r a c t i o n ,  
i n d i c a t e d  t h a t  (NH^^VOF^ was t h e  o n ly  p r o d u c t .
A l l  v an ad iu m  s o l u t i o n s  ( e x c e p t  t h e  v e r y  d i l u t e  o n e s )  
e v o lv e d  CH^ONO g a s .  I t  was o b s e rv e d  t h a t  t h e s e  r e a c t i o n s  
w en t i n  s e v e r a l  s t a g e s .  I n  t h e  i n i t i a l  s t a g e s  o f  t h e  r e a c ­
t i o n  a b lu e —g r e e n  s o l u t i o n  f o rm e d .  No g a s  was e v o l v e d .  As 
t h e  r e a c t i o n  p r o c e e d e d ,  th e  s o l u t i o n  becam e g r e e n e r  and 
m e th y l  n i t r i t e  b e g a n  t o  e v o l v e .  S am ples  i n  w h ic h  a s t o i c h i o ­
m e t r i c  e x c e s s  o f  v an ad iu m  was em ployed  s to p p e d  a t  t h i s  g r e e n  
s t a g e .  R e a c t io n  c f t h e  g r e e n  s o l u t i o n s  w i t h  NH^F p ro d u c e d  
p o o r l y  c r y s t a l l i n e  (NH^^VOF^-. i f  t h e  g r e e n  s o l u t i o n s  w ere  
h e a t e d ,  a l a r g e  am ount o f  m e th y l  n i t r i t e  e v o lv e d  and t h e  
s o l u t i o n s  t u r n e d  b r i g h t  y e l l o w .
S am ples  i n  w h ic h  a s t o i c h i o m e t r i c  e x c e s s  o f  s i l v e r  
n i t r a t e  was em ployed  w en t t h r o u g h  th e  f i r s t  two s t a g e s ,  and 
i f  a l lo w e d  t o  s t a n d  lo n g  e n o u g h ,  p r o c e e d e d  t o  fo rm  t h e  c l e a r  
y e l l o w  s o l u t i o n .
(3 )  N iobium  — N iob ium  r e a c t i o n s  w ere  v e r y  s i m i l a r  t o  t h o s e  
o f  v an ad iu m  b u t  p ro d u c e d  a c o l o r l e s s  s o l u t i o n .  V ery  d i l u t e  
s o l u t i o n s  p ro d u c e d  n o  g a s  b u t  h e a t i n g ,  o r  p r e p a r a t i o n  o f
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more c o n c e n t r a t e d  s o l u t i o n s ,  a lw ays r e s u l t e d  i n  th e  f o rm a t io n  
o f  m e th y l n i t r i t e  g a s .
R e a c t io n  of th e  c l e a r  s o l u t i o n s  w i th  ammonium f l u o r i d e  
produced P re l im in a r y  work on sam ples o f  t h i s
f l u o r i d e  su g g e s te d  t h a t  th e  compound m igh t be a polym orph of
23th e  compound produced  by H ae n d le r  and B ak er . T his  p o s t u l a t e  
was su g g e s te d  by th e  p re s e n c e  of a l a r g e  number o f  e x t r a  l i n e s  
n o t  acco u n ted  f o r  by tn e  in d e x in g  of th e  r e p o r t e d  compound. 
Table X II  l i s t s  th e  f i r s t  b l i n e s  o f  th e  f l u o r i d e  p re p a re d  from 
th e s e  n i t r a t e  s o l u t i o n s  and com pares them w i th  th e  r e p o r te d  
v a l u e s .
Table X II
Powder D i f f r a c t i o n  L in e s  o f  Ammonium—Niobium—F lu o r id e  
P re p a re d  from N i t r a t e  S o lu t io n
M « 0L ine "d" i n  A I n t e n s i t y  L in e s  r e p o r t e d  f o r  ___   (NHjJ^NbOF^
1 9 .3 0 w —
2 7 .5 2 m —
3 6 .3 6 vvw -
k 5 .3 8 5 vs 5.381 (v s)
5 5.021* m -
6 1*.671 s 1*.660 ( s )
I t  was n o te d ,  how ever, t h a t  th e  i n t e n s i t y  of a l l  l i n e s  n o t  
r e p o r t e d  by H a e n d le r  and B aker were v e ry  v a r i a b l e  i n  i n t e n s i t y .  
A l a r g e  sample was p re p a re d  f o r  a n a l y s i s  and th o ro u g h ly  washed
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w i t h  a n h y d ro u s  m e t h a n o l .
N iobium  w as a n a l y z e d  b y  t r e a t i n g  t h e  s o l i d  w i t h  
n i t r i c  a o i d  and  w a t e r  i n  a p l a t i n u m  c r u c i b l e  and  e v a p o r a t i n g  
t o  d r y n e s s  t o  rem ove f l u o r i d e .  The r e s i d u e  w as t h e n  g e n t l y  
f l a m e d  t o  d e s t r o y  n i t r a t e s ,  f i r e d  a t  1 0 0 0 ° C f o r  2 lj. h o u r s  and  
w e ig h e d  a s  NbgO^. Ammonium w as a n a l y z e d  a s  d e s c r i b e d  u n d e r  
c o p p e r .
F o rm u la  A n a l . ,  C a lc d .  A n a l . ,  Found
$  %
(NH^)3 KbOF6  Hb 3 3 .5 k  3 3 - 3 0 ,  33-46
19-54  1 9 -3 6 , 19-37
I n d i c a t i n g  t h a t  t h e  compound waa a b o u t  99■2—9 9 .5^  p u r e -
An x—r a y  d i f f r a c t i o n  p a t t e r n  o f  t h i s  sa m p le  i n d i c a t e d  t h a t  
8 1 1  l i n e s  n o t  a c c o u n te d  f o r  on  t h e  b a s i s  o f  t h e  r e p o r t e d  
p a t t e r n  h a d  e i t h e r  d i s a p p e a r e d  o r  becom e v e r y ,  v e r y  w e a k .
Trom t h i s  i t  w as c o n c lu d e d  t h a t  no p o ly m o rp h  w as p r e s e n t ,  
b u t  r a t h e r  t h a t  some u n i d e n t i f i e d  compound w as fo rm e d  w h ic h  
w as v e r y  d i f f i c u l t  t o  w a sh  o u t  o f  t h e  (NH^J^NbOF^.
(i|.) Molybdenum — Molybdenum r e a c t e d  v i g o r o u s l y  w i t h  s i l v e r  
n i t r a t e  b u t  a l l  c o n c e n t r a t i o n s  g av e  v i g o r o u s  e v o l u t i o n  o f  
m e th y l  n i t r i t e .  R e s id u e s  f ro m  t h e s e  r e a c t i o n s  c o n t a i n e d  l a r g e  
am o u n ts  o f  am o rphous  m a t e r i a l  w h ic h  p r o d u c e d  m olybdenum  b l u e  
w hen h y d r o l y z e d .  A d d i t i o n  o f  ammonium f l u o r i d e  t o  t h e  c l e a r  
s o l u t i o n s  g a v e  h e t e r o g e n e o u s  m i x t u r e s  o f  f l u o r i d e s  w h lo h  a l s o  
h y d r o l y z e d  t o  g i v e  m olybdenum  b l u e .
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( 5 )  I r o n  and Chromium — B o th  e le m e n t s  r e a c t e d  v a r y  s l o w l y  
w i t h  s i l v e r  n i t r a t e .  F or  e x a m p le ,  s o l u t i o n s  o f  chromium and 
s i l v e r  n i t r a t e  r e a c t e d  o v e r  a sp an  o f  6  m onths t o  p rod u ce  a 
d e t e c t a b l e  amount o f  chrom ate  io n  b u t  no way c o u ld  be fou n d  
t o  a c c e l e r a t e  th e  r e a c t i o n .  The p r e s e n c e  o f  chrom ate  io n  
im p l ie d  t h a t  a p r o c e s s ,  s i m i l a r  t o  t h o s e  p r e v i o u s l y  d e s c r i b e d  
i n  t h i s  s e c t i o n ,  had o c c u r r e d .
Ir o n  showed no r e a c t i o n  w i t h  s i l v e r  n i t r a t e  a t  room 
tem p e r a tu r e  b u t ,  a f t e r  r e f l u x i n g  a sam p le  o f  i r o n  powder w i t h  
s i l v e r  n i t r a t e  f o r  3  d a y s ,  a d e t e c t a b l e  amount o f  m e th y l  
n i t r i t e  form ed and t h e  s o l u t i o n  was c l e a r  y e l l o w .  P r e c i p i ­
t a t i o n  w i t h  NHjjF prod u ced  a w h i t e  p r e c i p i t a t e  w h ic h  immedi­
a t e l y  b eg a n  t o  tu r n  brow n. T h is  brown p r e c i p i t a t e  g a v e  no 
t e s t  f o r  ammonium io n  and o n ly  a v e r y  p o o r  t e s t  f o r  f l u o r i d e .
B. Mechanism o f  S o l v e n t  C le a v a g e
S e v e r a l  q u e s t i o n s  a r o s e  i n  t h e  s t u d y  o f  t h e  c o m p le x  
r e a c t i o n s  o f  s i l v e r  n i t r a t e  w h i c h  c o u l d  o n l y  b e  a n s w e r e d  by  
a p a r t i a l  s t u d y  o f  t h e  m e c h a n i sm  o f  s o l v e n t  c l e a v a g e .  These  
q u e s t i o n s  a r e  f o r m u l a t e d  i n  d e t a i l  b e l o w .
( 1 )  The g r e a t e s t  d i f f i c u l t y  i n  p o s t u l a t i n g  a r e a c t i o n  scheme 
f o r  t h e  p r o d u c t i o n  o f  m e t h y l  n i t r i t e  a r o s e  f r o m  a t t e m p t s  t o  
b a l a n c e  e q u a t i o n s  f o r  i t s  p r o d u c t i o n .  S e v e r a l  a p p a r e n t  d i f f i ­
c u l t i e s  w e r e  i m m e d i a t e l y  n o t e d .  The g r e a t e s t  d i f f i c u l t y  was  
t h a t  n o  o x i d i z e d  c a r b o n  p r o d u c t  c o u l d  e v e r  b e  d e t e c t e d  i n  t h e  
e v o l v e d  g a s ,  t h e  s o l u t i o n ,  o r  i n r e s i d u e s  f r o m  t h e  r e a c t i o n s .
As a r e s u l t ,  i t  was  f o u n d  t o  be  i m p o s s i b l e  t o  b a l a n c e  e q u a t i o n s
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f o r  t h e  p r o d u c t i o n  o f  th e  g a s  w i t n o u t  a s su m in g  t h a t  e i t h e r  
oxygen  o r  t r a n s i t i o n  m e t a l  o x id e  was p ro d u c ed  a s  a b y p r o d u c t .  
The s i m p l e s t  scheme would in v o lv e  th e  p r o d u c t i o n  o f  e lem en­
t a r y  oxygen a s  i n d i c a t e d  by th e  r e a c t i o n  be low s
Cfi^OH + N03~  -  CHjONO'r + 01T  + l / 2 0 2 T
S in c e  oxygen i s  n o t  i n f r a - r e d  a c t i v e  i t  c o u ld  n o t  be d e t e c t e d  
by t h i s  m eans .
A s im p le  e x p e r im e n t  c l e a r l y  d e m o n s t r a te d  t h a t  no p e r ­
m anen t g a s  was e v o lv e d  i n  th e  c o u r s e  o f  th e  r e a c t i o n .  One 
gram o f  molybdenum pow der and 1 gram o f  s i l v e r  n i t r a t e  w ere 
m o is te n e d  w i t h  5 ml o f  d r y  m e th a n o l .  A l l  g a s e s  e v o lv e d  w ere  
p a s s e d  th r o u g h  a t r a p  m a in ta in e d  a t  —1 0 ° C. A s m a l l  c a p a c i t y  
b u b b l e r  c o n t a i n i n g  a 1 cm colum n o f  K e l—P o i l  was i n s e r t e d  
d i r e c t l y  a f t e r  t h e  c o ld  t r a p  t o  s e e  i f  s m a l l  am ounts  o f  p e r ­
m an en t g a s  w ere  e v o lv e d .  D u r in g  th e  f i r s t  20 m in u te s  o f  
o p e r a t i o n  g a s  b u b b le s  w ere  s e e n  t o  come tn r o u g h  th e  b u b b l e r  
(w h i le  a i r  was b e in g  d i s p l a c e d  fro m  t h e  s y s t e m ) .  However, 
a s  so o n  a s  m e th y l  n i t r i t e  (B .F .  —6 ° C .)  b eg an  t o  co n d e n se  i n  
th e  t r a p ,  b u b b l in g  c e a s e d  c o m p l e t e l y .  Tne e x p e r im e n t  was 
c o n t in u e d  f o r  two h o u r s  w i t h o u t  any  e v id e n c e  o f  g a s  b u b b le s  
b e i n g  s e e n .  I t  was c o n c lu d e d  t h a t  no  p e rm a n e n t g a s  was 
f  o n n e d .
I t  was n o te d  t h a t  th e  s t r o n g e s t  band o f  C02 (2350  
cm” 1 ) o c c u r s  n e a r  a s t r o n g  band i n  th e  m e th y l  n i t r i t e  sp e c ­
trum  (2220  cnT'1 ) .  I f  some i n t e r a c t i o n  o c c u r r e d  t h i s  band 
m ig h t  p o s s i b l y  be o b s c u r e d ,  e s p e c i a l l y  i f  p r e s e n t  i n  v e r y  
s m a l l  am o u n ts .  To c h e c k  t h i s  p o s s i b i l i t y  t h e  g a s  e v o lv e d
from  th e  above r e a c t i o n  was p a s s e d  th r o u g h  s a t u r a t e d  aqueous  
B a(0H ) 2  i n  a secon d  e x p e r im e n t .  No BaCO^ p r e c i p i t a t e  fo rm ed .
Prom t h i s  n e g a t i v e  e v i d e n c e ,  c o u p le d  w i t h  th e  o b s e r ­
v a t i o n s  t n a t  some m e t a l l i c  o x id e  appeared  t o  fo rm , i t  was 
c o n c lu d e d  t h a t  th e  e x c e s s  oxygen  w ent i n t o  th e  p r o d u c t io n  o f  
m e t a l  o x id e  and t h a t  t h i s  was th e  r e a s o n  t h a t  no s t o i c h i o ­
m etry  c o u ld  be d e r iv e d  from  th e  w e ig h t  c h a n g e s  in  th e  r e s i d u e s .
(2 )  I t  was e v id e n t  t h a t  th e  m e th y l  n i t r i t e  c o u ld  r e s u l t  from  
c le a v a g e  o f  th e  s o l v e n t  by e i t h e r  o f  two p r o c e s s e s .
In th e  f i r s t  p r o c e s s  th e  a l c o h o l  c o u ld  r e a c t  by 
c le a v a g e  o f  th e  c a rb o n  t o  oxygen  bond . M ethyl n i t r i t e  c o u ld  
th e n  r e s u l t  from t r a n s f e r  o f  N0 2  from  th e  n i t r a t e .
CH3 OH + M(N03 )x  = CH3 ONO + M(N03 )x „ i 0 + H2 0 + M o x id e
(M = m e t a l )
In  th e  e q u a t io n  th e  s t a r  i s  em ployed o n ly  t o  i n d i c a t e  th e  
end p r o d u c t s  w h ic h  would p r o b a b ly  c o n t a i n  th e  oxygen  o r i g i ­
n a l l y  i n  th e  m e th a n o l .
Such a p o s t u l a t e  i s  v e r y  a p p e a l in g  b e c a u se  i t  a l l o w s  
f o r  th e  p r o d u c t io n  o f  th e  o b se r v e d  o x y f l u o r i d e ,  w a te r  p ro ­
d u c t i o n ,  and th e  f o r m a t io n  o f  m e t a l  o x i d e .  I t  a l s o  p r o v id e s  
f o r  c l e a v a g e  o f  th e  n i t r a t e  by norm al c l e a v a g e  o f  a n i t r a t o  
g r o u p . The o b s e r v a t i o n  t h a t  NO g a s  i s  e v o lv e d  i n  th e  l a t t e r  
s t a g e s  o f  th e  vanadium r e a c t i o n ,  h o w ev er , i m p l i e s  t h a t  a n o th e r  
p r o c e s s  i s  o c c u r r in g  in  t h i s  r e a c t i o n .
The se co n d  p r o c e s s  w ould  n e c e s s a r i l y  r e q u i r e  c l e a v a g e  
o f  th e  n i t r a t e  s o  t h a t  two oxygen  atom s a r e  l e f t  on th e
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m e t a l  a to m .  Such, a schem a c a n  b e  e n v i s i o n e d  a s
*  »
CH3 OH + M(N03 )x  *  CH3 ONO + m (no3 ) x_ x o ( o h ) .
The p r i n c i p a l  d i f f i c u l t y  w i t h  s u c h  a p r o p o s a l  i s  t h a t  i t  
r e q u i r e s  t h e  n i t r a t e  t o  c l e a v e  i n  a m a n n e r  f o r  w h ic h  no  
p r e c e d e n t  h a s  b e e n  r e c o r d e d .  W a te r  an d  m e t a l  o x id e  c o u l d  
r e s u l t  f ro m  s e c o n d a r y  p r o c e s s e s .
I t  w as  t h o u g h t  t h a t  some i n f o r m a t i o n  c o n c e r n i n g  
t h e s e  p o s s i b i l i t i e s  c o u l d  b e  o b t a i n e d  f ro m  a s t u d y  o f  r e —* 
p r e s e n t s t i v e  r e a c t i o n s  i n  o t h e r  s o l v e n t s .
A n u m b e r  o f  e x p e r i m e n t s  w e re  p e r f o r m e d  i n  o t h e r  
s o l v e n t s .  R e s u l t s  o f  t h e s e  e x p e r i m e n t s  a r e  g i v e n  i n  T a b le  
X I I I .
I t  w as  n o t e d  t h a t  r e a c t i o n s  p r o c e e d e d  v i g o r o u s l y  
i n  a c e t o n i t r i l e  w i t h  t h e  p r i n c i p l e  g a s e o u s  p r o d u c t  b e i n g  
n i t r o g e n ( I I )  o x i d e .  A l l  r e a c t i o n s  w h ic h  o c c u r r e d  b y  a 
p r o c e s s  w h ic h  c o u l d  b e  i n t e r p r e t e d  a s  c l e a v a g e  o f  a c a r b o n  
t o  f u n c t i o n a l  g r o u p  bond  w e n t  v e r y  s l o w l y .  The f o r m a t i o n  
o f  i s o b u t e n e  w as a t t r i b u t e d  t o  a s m a l l  am o u n t o f  d e h y d r a t i o n  
a t  t h e  b o i l i n g  p o i n t .
C. D i s c u s s i o n
I t  i s  q u i t e  e v i d e n t  t h a t  t h e  r e a c t i o n s  o f  m o lybdenum , 
v a n a d iu m ,  n io b iu m ,  t i t a n i u m ,  i r o n  a n d  ch rom ium  a r e  e x c e e d i n g l y  
c o m p le x .  Much o f  t h e  e v i d e n c e  o b t a i n e d  o n  t h e s e  r e a c t i o n s  i s  
i n f e r r e d  r a t h e r  t h a n  p r o v e n  s o  t h a t  t h e  t a s k  o f  d e s c r i b i n g  a 
s e l f —c o n s i s t e n t  s e r i e s  o f  s t e p s  l e a d i n g  t o  t h e  f i n a l  p r o d u c t s  
i s  a v e r y  f o r m i d a b l e  o n e .  I n d e e d ,  i n  a n u m b e r  o f  c a s e s  no
Table X III
Q aseous P ro d u c ts  from  S i l v e r  N l t r a t e - M e t a l  R e a c t io n s
I n  Noi>-*Aqueous S o lv e n ts
R e a o ta n t  AgNOo
and  w e ig h t  S o lv e n t
Weight (g) _ (g) _____________
T i 2 5 methanol
Mo 2 2 n i t r o m e th a n e
1 2 a c e to n ltr l le
0 .2  2 t —butanol
V 2 3 a c e to n ltr l le
1 ^  1 , 2—d im ethoxy—
ethane
G aseous P ro d u c ts  and Comments
CH2 0N0 ev o lv ed
M ix tu re  o f  GH*N02 » CH^ONO and N2 0.
R e a c t io n  v e ry  slow  a t  101°C.
M ix tu re :  l a r g e  am ounts o f  NO w i th  t r a c e s
o f  N20 and CH^CN. No c y a n id e s  I n  r e s i d u e .
I s o b u te n e  e v o lv e d .  R e a c t io n  v e ry  slow  a t  
r e f l u x .  No d e t e o t a b l e  r e a c t i o n  a t  22°C. 
i n  5  d a y s .
M ix tu re :  l a r g e  am ounts ofNO w i th  t r a c e s
o f  C02 , N20 and CH3 ONO.
NO e v o lv e d ;  r e a c t i o n  s low .
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su ch  f o r m u l a t i o n  c a n  bo made a t  a l l ,  f o r  l a c k  o f  c o n c r e te  
e v id e n c e  upon w h ich  t o  b a s e  I t .
The l o g i c a l  s t e p  from  w h ich  t o  p ro c e e d  i s  from  th e  
known d e r i v a t i v e s  o b ta in e d  w i t h  NH^P. D e r i v a t i v e s  c l e a r l y  
i d e n t i f i e d  a r e  (N H j^ T iF ^ ,  and (KHjj^NbOPfc. The
p r e s e n c e  o f  oxygen i n  t h e  m e ta l  c o n t a i n i n g  r e a c t i o n  p r o d u c t  
i s  a l s o  c l e a r l y  i n d i c a t e d  i n  th e  r e a c t i o n s  o f  i r o n ,  molyb­
denum and chrom ium . The s im p le s t  p o s s i b l e  a s s u m p tio n  t o  make 
i s  t h a t  th e  f l u o r i d e  was form ed from  th e  c o r r e s p o n d in g  n i t r a t e  
i n  s o l u t i o n  by  d i r e c t  m e t a t h e s i s .  Thus, i n  th e  t h r e e  known 
c a s e s  th e  r e a c t i o n s  would be
Nb0(N03 ) 3 + ONH^P = (NH^)3NbOP6i  + 3N ^N 03 .
A v e ry  r e c e n t  p a p e r ‘d  h a s  d e s c r ib e d  a p r e c i s e l y  an a lo g o u s  
r e a c t i o n  w h ich  o c c u rs  when Nb0(N03 ) 3 r e a c t s  w i t h  KF. I n  t h i s  
p a p e r  th e  n i t r a t e  was d e s c r ib e d  a s  b e in g  form ed by a meba­
t h e t i c  a 1 r e a c t i o n  b e tw een  N2 0cj and NbClcj. The p r e p a r a t i o n  o f  
t h i s  s a l t  and i t s  r e a c t i o n  w i t h  KF t o  y i e l d  K^NbOF^ c e r t a i n l y  
makes th e  p o s t u l a t e d  r e a c t i o n  r e a s o n a b l e .
Vanadium would be fo x fe u la te d  i n  a p r e c i s e l y  s i m i l a r
f a s h i o n .
V0(N03 ) 3 + 5NH^P = (K H ^ V O P ^  + 3«H^N03
I n  t h i s  c a s e  t h e  f o r m u l a t i o n  i s  a l i t t l e  l e s s  c e r t a i n  b e c a u se  
th e  assumed i n t e r m e d i a t e  h a s  n o t  b e e n  r e p o r t e d .  I t  i s i n t e x ^  
e s t i n g ,  how ever, t o  n o te  t h a t  VC2N03 h a s  b e e n  p r e p a re d  by a 
r e a c t i o n  b e tw e en  e x c e s s  N2 0^ and vanadium  m e ta l  u s in g  a c e to — 
n i t r i l e  a s  a c a t a l y s t .  The compound was i s o l a t e d  o n ly  by 
rem ova l o f  th e  s o l v e n t  and c a t a l y s t  u n d e r  vacuum . S x p e r i^
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merits i n  t h i s  l a b o r a t o r y ,  a t t e m p t in g  a s i m i l a r  rem ova l o f  
m e th a n o l  from  th e  vanadium  n i t r a t e ,  r e s u l t e d  i n  N02 e v o l u t i o n  
and e x p l o s i o n s .  I t  i s  r e a s o n a b le  t o  assume t h a t  a n  u n s t a b l e  
t r i n i t r a t e  c o u ld  have decomposed t o  g iv e  th e  p r o d u c t  d e s c r ib e d  
i n  t h e  l i t e r a t u r e .
Ih e  c a s e  o f  t i t a n i u m  i s  q u i t e  d i f f e r e n t  from  th e  two 
p r e v i o u s l y  d e s c r ib e d  r e a c t i o n s  b e c a u se  i t  c a n  o n ly  have come 
from  TiCflOj)^.
T i(N 0 3 )^  + 6UH^P = (MH^)2 Ti
No l o g i c a l  sequence  c a n  be c o n s t r u c t e d  w h ich  w i l l  a l lo w  th e
re p la c e m e n t  o f  oxygen by f l u o r i d e  i o n  once i t  h a s  become 
a t t a c h e d  t o  th e  m e t a l .  R e p o r ts  o f  no rm al t e t r a v a l e n t  s a l t s  
o f  th e  o x y a c id s  o f  t i t a n i u m  have n e v e r  b e e n  co n firm ed  be­
c a u se  o f  th e  g r e a t  te n d e n c y  tow ard  h y d r o l y s i s  and f o r m a t io n  
o f  th e  c o r r e s p o n d in g  b a s i c  s a l t .  As a r e s u l t ,  cne m ust
c o n c lu d e  t h a t  d i l u t e  s o l u t i o n s  c o n t a i n  th e  t e t r a n i t r a t e  and
t h a t  th e  f o r m a t io n  o f  m e th y l  n i t r i t e  o c c u rs  a s  a se c o n d a ry  
p r o c e s s  o n ly  i n  c o n c e n t r a t e d  s o l u t i o n s .  E v a p o r a t io n  o f  
d i l u t e  s o l u t i o n s  o f  th e  n i t r a t e  p roduced  a p h ase  i n t e r m e d i a t e  
b e tw een  th e  no rm al and b a s i c  n i t r a t e  b u t  t h e  s u b s ta n c e  was 
o b se rv e d  t o  have a v a p o r  p r e s s u r e  o f  N02 a t  room t e m p e r a tu r e .
The f o r m a t io n  o f  th e  o x y n i t r a t e  i n  s o l u t i o n  c a n  be 
f o rm u la te d  a s  a sequence  o f  two s t e p s  o r  a s  a r e s u l t  o f  one 
com plex p r o c e s s .  The f o r m u l a t i o n  a s  two s t e p s  would a p p e a r  
t o  be  b o rn e  o u t  by  t h e  o b s e r v a t i o n  t h a t  th e  vanadium  (and 
n io b iu m ) r e a c t i o n s  a p p e a r  t o  have  an  i n i t i a l  p e r i o d  i n  w h ich  
no g a s  i s  e v o lv e d ,  fo l lo w e d  by  a p e r io d  o f  g a s  e v o l u t i o n .
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D u rin g  t h e  p e r i o d  o f  g a s  e v o l u t i o n  t h e r e  i s  a c l e a r l y  e v i d e n t  
c o l o r  ch an g e  i n  t h e  vanad ium  r e a c t i o n .
The s i m p l e s t  p o s s i b l e  f o r m u l a t i o n  i s  « s e q u e n c e  ix>- 
v o l v i n g  two s t e p s .  A s im p le  d i s p l a c e m e n t  r e a c t i o n  o f  t h e  
s i l v e r  n i t r a t e  w i t h  t h e  t r a n s i t i o n  m e t a l ,
xAgN03 + K = M(N03 )x  + xAg4< 
f o l lo w e d  by  r e a c t i o n  o f  t h e  n i t r a t e  fo rm e d  w i t h  t h e  s o l v e n t .
I n  t h i s  r e a c t i o n  t h e  o n ly  g a s e o u s  p r o d u c t  i s  CH3ONO and  no 
o x i d i z e d  c a r b o n  p r o d u c t  h a s  e v e r  b e e n  f o u n d .  V i s u a l  exam i­
n a t i o n  o f  t h e  r e s i d u e s  o f  t h e  r e a c t i o n s  a lw a y s  i n d i c a t e d  t h e  
p r e s e n c e  o f  t h r e e  d i s t i n c t  p h a s e s .  The c h a r a c t e r  o f  t h e s e  
p h a s e s  s u g g e s te d  t h a t  t h e y  w e re  e i t h e r  m e t a l  o x i d e s  o r  h y d ro u s  
o x i d e s .  From t h e  m eagre  i n f o r m a t i o n  o b t a i n e d  i t  i s  im p o s s ib l e
t o  w r i t e  b a l a n c e d  e q u a t i o n s  u n l e s s  an  a s s u m p t io n  i s  made a b o u t
th e  o x i d a t i o n  s t a t e  o f  t h e  m e t a l  i n  t h e s e  com pounds. The 
same o x i d a t i o n  s t a t e  a s  e x h i b i t e d  by  t h e  o x y - n i t r a t e  i s  assum ed 
i n  t h e  b a l a n c e d  e q u a t i o n s  g iv e n  b e lo w .
Niobium Nb + * Nb(N03)^ + kAgi
2Nb + 10Nb(N03)^ + 10CH30H * 10CH30N0t+ 10Nb0(N03)3 +
Nb20£*+ 5H20
Vanadium V + 4AgN03 *  V(N03 ) ^  + i^Agl
2V + 10V(M03 ) ^  + lOCH^OH *  10V0(N03 )3 + 10CH3 <)NOt + VgO^H- 5H20
Molybdenum N o th in g  c a n  be  d e te r m in e d  a b o u t  t h e  s e q u e n c e  
o f  r e a c t i o n s  i n  t h i s  c a s e  e x c e p t  t h a t  t h e  end p r o d u c t  i n  b o t h  
th e  s o l u t i o n  and  t h e  r e s i d u e  w ould  a p p e a r  t o  be  a m ix t u r e  o f  
p e n t a v a l e n t  and h e x a v a l e n t  molybdenum oxy com pounds. The
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m ix tu re  o f  v a le n c e  s t a t e s  i s  i n d i c a t e d  by th e  f o r m a t i o n  o f  
molybdenum b lu e  upon h y d r o l y s i s .  S in c e  th e  p o s s i b i l i t y  o f  
w a te r  in  t h e s e  s o l u t i o n s  h a s  been d e m o n s t r a te d  i t  i s  odd , how­
e v e r ,  t h a t  th e  c o l o r  t h a t  t h e s e  s o l u t i o n s  e x h i b i t  i s  y e l lo w  
t o  g r e e n i s h —y e l lo w ,  r a t h e r  t h a n  b l u e .
B o th  chromium and i r o n  gave  e v id e n c e  o f  th e  same ty p e  
o f  p r o c e s s  o c c u r r i n g  b u t  t h e r e  i s  i n s u f f i c i e n t  e v id e n c e  t o  
w a r r a n t  th e  p o s t u l a t i o n  o f  any  e q u a t i o n .
The f o r m a t i o n  o f  m e th y l  n i t r a t e  and i n d i c a t i o n s  o f  
th e  f o r m a t io n  o f  m e th o x id e s  c a n  b o t h  be  v iew ed a s  s id e  e f f e c t s  
b ro u g h t  on by h e a t i n g .  B o th  c a n  be a c c o u n te d  f o r  on th e  b a s i s  
o f  th e  s im p le  e q u a t i o n s  b e lo w .
Ti(W03 )|, + CH3 OH = HN03 + T i(N03 )3 (0CH3 )
hno3 + ch3 oh = ch3 ono2 + h2 o
C l e a r  e v id e n c e  o f  th e  p r e s e n c e  o f  a l l  o f  t h e s e  p r o d u c t s  h a s  
b e e n  o b ta in e d  from  h e a te d  s o l u t i o n s  o f  t i t a n i u m  and s i l v e r  
n i t r a t e .  I t  i s  a l s o  e v i d e n t  t h a t  w a t e r  form ed i n  th e  secor>- 
d a ry  r e a c t i o n s  c o u ld  h y d r o ly z e  th e  n i t r a t e s  fo rm ed  th u s  con ­
t r i b u t i n g  t o  th e  l a c k  o f  r e p r o d u c i b i l i t y  o b se rv e d  i n  t h e s e  
s y s te m s .
The g r e a t e s t  d i f f i c u l t y  w i t h  t h e  p ro p o s e d  scheme o f  
m e th y l  n i t r i t e  p r o d u c t i o n  l i e s  i n  t h e  o b s e r v a t i o n  t h a t  
t i t a n i u m  a l s o  p ro d u c e s  t h e  gas  from  c o n c e n t r a t e d  s o l u t i o n s .
2h e  f o r m a t i o n  o f  (NHj^)2TiP^ from  d i l u t e  s o l u t i o n s  c l e a r l y  
r e q u i r e s  t h a t  e i t h e r  Ti(W03 )^  be p r e s e n t  i n  t h e  s o l u t i o n  o r  
t h a t  some p r o d u c t  i s  fo rm ed  w h ic h  i n  t u r n  r e a c t s  w i t h  NH^F
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t o  p ro d u c e  a s u b s ta n c e  i n d i s t i n g u i s h a b l e  from  (N H ^ ^ T iF ^ .
C ro c k e t  h a s  r e p o r t e d  t h a t  h y d r o x y l  c a n  s u b s t i t u t e  i s o m o r -
29p h o u s ly  f o r  f l u o r i d e  i n  t h e  sy s tem  KCuFj—H2O. Thus a
b a la n c e d  e q u a t i o n  c a n  be w r i t t e n  f o r  t h i s  p r o c e s s  by fozmw* 
l a t i n g  th e  t r a n s f e r  o f  t h e  p r o t o n  t o  t h e  d i s s o l v e d  s p e c i e s  
and th e  f o r m a t i o n  o f  m e ta l  ox ide*
2T i(H 03 ) ^  + Ti + 2CH3OH = 2T i(K 03 )3 ( 0H) + 2CH30N0t+  T i O ^
I f  th e  m echanism  i s  a t  a l l  c o r r e c t ,  i t  m ig h t  im p ly  
t h a t  th e  p r o c e s s  i s  o c c u r r i n g  on th e  s u r f a c e  o f  t h e  m e t a l .
B i i s  w ould c e r t a i n l y  be  b o rn e  o u t  by t h e  o b s e r v a t i o n  t h a t  
t h e  g as  a p p e a r s  t o  be e v o lv e d  fro m  t h e  m e ta l  s u r f a c e  r a t h e r  
th a n  th e  b u l k  o f  t h e  s o l u t i o n .
The l a s t  p ro b lem  t o  be c o n s id e r e d  i s  how th e  s o l v e n t  
i s  b e in g  c l e a v e d .  I t  i s  c l e a r  t h a t  t h e r e  i s  no r e a l l y  good 
way o f  p r o v in g  c o n c l u s i v e l y  how t h i s  c l e a v a g e  i s  o c c u r r in g  
w i t h o u t  th e  u se  o f  a n  oxygen  l a b e l e d  m e th a n o l .  S e v e r a l  ob~ 
s e r v a t i o n s  a r e  v e r y  s u g g e s t i v e ,  h o w ev e r.
S e v e r a l  o b s e r v a t i o n s  o f  NO e v o l u t i o n  w ere  r e c o r d e d  
i n  m e th a n o l  s o l v e n t .  The d i r e c t  s u g g e s t i o n  f ro m  t h i s  d a ta  
i s  t h a t  NO r a d i c a l s  a r e  r e a c t i n g  w i t h  a m e th o x id e  r a d i c a l  o r  
r e p l a c i n g  a p r o t o n  from  t h e  s o l v e n t .
T e r t i a r y  b u t y l  a l c o h o l  i s  known t o  l o s e  i t s  h y d ro x y l  
r e a d i l y ,  e s p e c i a l l y  u n d e r  a c i d  c o n d i t i o n s .  I t s  l a c k  o f  
r e a c t i v i t y  w i t h  a l k a l i  m e t a l s  s i m i l a r l y  s u g g e s t s  a r e l u c t a n c e  
t o  l o s e  a p r o t o n ,  e v e n  u n d e r  v ig o r o u s  a t t a c k .  Thus, one 
m ig h t  e x p e c t  t h a t  i f  t h e  s o l v e n t  c l e a v a g e  p r o c e s s  in v o lv e d  t h e
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rem o v a l o f  a h y d ro x y l  g ro u p  th e  change  t o  t e r t i a r y  b u t y l  
a l c o h o l  f ro m  m e th a n o l  w ould f a v o r  t h e  r e a c t i o n .  The fo rm a­
t i o n  o f  i s o b u t e n e  w ould s u g g e s t  t h a t  t h i s  h a s  o c c u r r e d ,  b u t  
th e  ex trem e  s lo w n e ss  o f  th e  r e a c t i o n  i s  t h e n  in c o m p r e h e n s ib le .  
I t  m ig h t  be a rg u e d  t h a t  t h e  l a c k  o f  a p p e a ra n c e  o f  a v o l a t i l e  
p r o d u c t  i s  due t o  t h e  f o r m a t i o n  o f  a s i l v e r  o l e f i n  com plex , 
b u t  v i s u a l  e v id e n c e  i n d i c a t e d  t h a t  l a r g e  am ounts o f  u n r e a c te d  
s i l v e r  n i t r a t e  rem a in ed  f o r  lo n g  p e r i o d s  o f  t im e ,  ev en  u n d e r  
r e f l u x .
A l l  d a ta  would a p p e a r  t o  p o i n t  t o  t h e  s o l v e n t  c le a v a g e  
o c c u r r in g  b e tw e e n  th e  h y d ro g e n  and oxygen  o f  th e  h y d ro x y l  
g ro u p  b u t  c a n n o t  be p ro v e n  u n t i l  a t r a c e r  s tu d y  o f  th e  r e a c ­
t i o n  i s  made u s in g  oxygen l a b e l e d  m e th a n o l .  I n d e e d ,  su c h  a 
s tu d y  m ig h t  be t h e  o n ly  way o f  s e p a r a t i n g  th e  v a r i o u s  e f f e c t s  
i n  t h e s e  com plex  r e a c t i o n s .  A se co n d  a p p ro a c h  t o  t h e  p ro b lem  
w ould be t o  s tu d y  t h e  r e a c t i o n s  s y s t e m r a a t i c a l ly  i n  a n  a p r o t i c  
s o l v e n t .
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CHAPTER V
REACTIONS OF NITRATE SOLUTIONS IN METHANOL 
WITH OTHER MATERIALS
I t  i s  q u ite  evident th a t  the  n i t r a te  so lu tio n s  pre­
pared by the sy n th e tic  technique described in  the previous 
sec tions would be used p rim arily  to  synthesise o ther com­
pounds. I t  can be assumed th a t  the n i t r a te s  fom ed are an­
hydrous (w ith the exception of the m etal n i t r a te s  discussed 
in  chapter IV) even though they give evidence of being 
strongly  solvated by methanol.
There are two sp e c if ic  areas in  which the n i t r a te s  
might be expected to  fin d  unique a p p l ic a b i l i ty .
A. A pplication  to  the Synthesis o f S ilv e r  and Thallium 
F luorom etallates
The n i t r a te  so lu tio n s  would appear to  be su ita b le  
in term ediates in  the non-aquaous syn thesis  of s i lv e r  and 
thallium  flu o ro m e ta lla te s . I t  has been amply demonstrated 
th a t  a lk a l i  m etal and ammonium fluorom etalla  te s  can be ayxw 
theslxed in  non—aqueous media by means of a bromide intezw 
mediate* bu t in  the oases o f s i lv e r  and thallium  the bromides 
oannot be used due to  the  exceedingly low s o lu b il i ty  of AgBr 
and TIBr in  these so lv en ts .
TWo techniques were employed in  an e f fo r t  to  prepare 
s i lv e r  and thallium  fluorom etalla  te s  using n i t r a te s  as In te r ­
m ediates. P reparation  of the anhydrous n i t r a te  of the m etal
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and r e a c t io n  w ith  a m ethanolio  s o lu t io n  o f 4gP o r  TIP p ro ­
duced no p r e c ip i t a t e s  although, c o lo r  ohanges were observed 
to  occur* In  the  case of tha llium *  th a l l iu m (I )  n i t r a t e  
r e a d i ly  p r e c ip i ta te d  when s o lu tio n s  o f  TIP and th e  n i t r a t e  
were mixed.
In  the  second procedure* m ix tu res  o f the anhydrous 
n i t r a t e s  were p repared  and gassed  w ith  anhydrous hydrogen 
f lu o r id e .  Once aga in  c o lo r  changes were observed b u t the  
only  p r e c ip i ta te s  fo m ed  were th a ll iu m ( 1 ) n i t r a t e  and s i l v e r  
n i t r a t e .
From th e se  r e s u l t s  I t  appeared e v id e n t th a t  complex 
f lu o ro  s a l t s  o f s i l v e r  and th a lliu m  have very  l i t t l e  te n ­
dency to  form in  non—equeous m edia. 35ie o o lo r  changes ob­
served to  occur could be a t t r ib u te d  to  th e  fo rm atio n  o f 
oomplex flu o ro a n lo n s  o f the m e ta l. This would lo g ic a l ly  
ln o rease  the  amount o f  n i t r a t e  io n  In  th e  so lv e n t and ac­
coun t f o r  th e  p r e e ip i ta t lo n  of th e  fe e b ly  so lu b le  n i t r a t e s  
o f th e se  m e ta ls . Ho f u r th e r  work was done on th e se  system s.
B. S y n th es is  o f C oord ina tion  Compounds
The second a rea  o f p o te n t i a l  use I s  in  th e  p rep ara­
t io n  o f  c o o rd in a tio n  compounds. Many c o o rd in a tio n  compounds* 
c o n ta in in g  th e  n i t r a t e  ion* have been syn thesised*  b u t the  
p resence  o f w a te r  In  th e  s t a r t in g  m a te r ia ls  has le d  to  th e  
fo rm a tio n  of h y d ra te s  in  many c a s e s . 4 survey rev ea led  th a t  
many o f  th e  n i t r a t e s  gave s o l id  p r e c ip i t a t e s  w ith  cupferron* 
a l ip h a t i c  primary* secondary and t e r t i a r y  amines* py rid ine*
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p ip e r id in e , a n i l in e  and gave s t r ik in g  o o lo r changes w ith  di— 
phony lamina* The oxygen co n ta in in g  n i t r a t e s  gave some In d i­
c a tio n  of th e  same behav io r b u t the  d e r iv a tiv e s  appeared to  
be more so lub le  than  those prepared from the n i t r a t e s  of d i ­
v a le n t m e ta ls . The re a c t io n  o f oopper n i t r a t e  so lu tio n s  w ith  
p y rid in e  was s tud ied  in  d e t a i l  to  e s ta b l is h  what compounds 
might be expected to  form by such re a c t io n s .
C. Ho a c tio n s  of Copper N itra te  S o lu tio n s  w ith  P y rid in e
(1 ) H is to r ic a l  Survey
The re a c t io n  o f p y rid in e  w ith  hydrated  oopper( XI)
i i l - 4 5n i t r a t e  has been s tu d ied  by a number o f w o r k e r s .^  The 
r e s u l t s  o f the v a rio u s  in v e s tig a tio n s  are  in c o n s is te n t , 
however.
m  1904 H. Orossmsn^ 1  prepared a ooapound having th e  
formula Pyr^Cu(NO^ ) 2  (Pyr « p y rid in e )  by re a o tln g  a sa tu ra te d  
aqueous so lu tio n  o f c o p p e r(II)  n i t r a t e  w ith  excess p y rid in e  
and h ea tin g  th e  m ixture " s tro n g ly " . A fte r  a sh o rt tim e,
* 0
v io le t  c r y s ta l s  o f th e  ooapound p re c ip i ta te d .
P f e i f f e r  and Pimmer^2  p repared Pyr|^Cu(N0^ > 2  by g rin d ­
ing hydrated  co p p e r(II)  n i t r a t e  w ith  excess p y rid in e  and r e -  
c r y s ta l l iz in g  the  compound from h o t e th a n o l. They rep o rted  
th a t  th i s  oompound slow ly decomposed in  a i r  y ie ld in g  P y ^ C u - 
(N0 3 ) 2  and prepared Pyr^Cu(N0^>2  by g rin d in g  the  4  so lv a te  
w ith  p y r id in e . Py^CuCNO^^ w"8 prepared by p a r t i a l l y  de­
composing Pyr^Cu(N0^ ) 2  and r e c r y s ta l l i s in g  the  m ixture of th e  
4  and 2 so lv a te s  many tim es from a lc o h o l. I t  i s  in te r e s t in g  
to  no te  th a t  the  therm al decom position o f  Pyr2|>Ctt(NOj>2
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re su lte d  in  the  form ation of the 2  so lvate  end gave no ev i­
dence of the  3  so lvate  prepared by r e o ry s ta l l iz a t io n  of 
p a r t i a l ly  decomposed Pyr^Cu{N0^)2 * The au thors a lso  reported  
th a t  hydrates having the formulae Fyr^CuCHOj)2 *2 ^ 0  and 
Pyr^CudfO-j)g ’SHgO formed under very s im ila r  conditions*
Ameras and Tamialer^ showed th a t  in  aqueous solt»- 
tio n  Grossman1a compound had a s t a b i l i t y  constan t of 3*1 *
10~* and th a t  th i s  was the only compound formed. Ragno and 
▼ alada^ reported  th a t  the 1). so lvate  could be deocmposed to  
give the 3  so lvate  by hea ting  a t  75 °C. In a py rid ine  atmos­
phere •
The l a s t  re p o rt of pyrid ine  complexes of th is  type 
i s  a paper by M ltra and S in h a .^  They reported  th a t  copper(13) 
n i t r a te  forms an unstab le  7  so lvate  ("by ad so rp tio n "), and 
th ree  s ta b le  so lv a tes  con tain ing  6 ,5  and 4  moles of p y rid in e , 
re sp e c tiv e ly . Ho mention, w hatsoever, i s  made of the so l­
vates con tain ing  3  and 2 moles of p y rid in e . M itra and S in h a 's  
paper i s  open to  se rio u s  doubt f o r  sev era l reasons.
M itra and 3Inha measured ohanges in  vapor p ressu re  in  
a chamber con tain ing  the py rid ine  s a l t  and used these  ohanges 
as a o r l te r lo n  f o r  e s ta b lish in g  whloh so lv a tes  were formed. 
There i s ,  however, no a n a ly tic a l  data to  in d io a te  whether the 
au thors used a s ta r t in g  m a te ria l con tain ing  an in te g ra l  o r  
noxw lntegral number of moles of p y rid in e . I t  i s  a lso  noted 
th a t  the  paper i s  in te rn a l ly  in c o n s is te n t. Bata on the 
measured vapor p ressu res are  given by means of a ta b le  and a
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graph. The ta b le  l i s t s  the  follow ing vapor p resau ras .
Humber of moles of py rid ine  Vapor p ressu re  in  bb Hg
MQl« of coppar______________________________________
Above 6  constan t a t  27
6-it constan t a t  8 . 0
i|>—0  constan t a t  3*7
The graph p lo ts  these data b u t g ives two d if fe re n t  vapor 
p ressu res  in  the i|»-6 range (8  mm from 5 - 6  and 5  no from lp-5 ) .  
Ihe d iscu ssio n  Im plies th a t  a typographical e r ro r  has occurred 
in  the ta b le , bu t no oo rreo tio n  n o tice  has been found.
M itra and Sinha a lso  note th a t  above 50°C. the n i t r a te  
ion  a ttao k s  the pyrid ine causing decomposition. Ho products 
are given but i t  i s  re a d ily  seen th a t  th i s  i s  in  d ir e c t  eon* 
f l l o t  w ith  tiie data of Ragno and Valada. The p o s s ib i l i ty  of 
hydrates has been e s tab lish ed  in  the system so th a t  in  the 
to t a l  absence of a n a ly tic a l data one cannot assume th a t  the  
produots were not h y d ra tes.
(2) Experimental 
Syn thesis:
Several samples of oomplex were prepared by the fo l­
lowing procedure.
A so lu tio n  o f copper n i t r a te  was prepared by r e f la t in g  
a m ixture of 1 0  gm o f copper, 2 0  pa o f s i lv e r  n i t r a te  and 2 0 0  
ml of dry methanol f o r  th ree  hours in  a closed system. Ihe 
so lu tio n  gave no s i lv e r  t e s t  a f t e r  th i s  p e rio d . Ihe so lu tio n  
was cooled and f i l t e r e d  through a medium p o ro s ity  f i l t e r  to  
separa te  suspended s o lid s .
102
Pyrid ine was dried  by f la sh in g  from barium oxide and 
sto red  over barium oxide u n t i l  used* A m ixture of 1 0 0  ml of 
py rid ine  w ith  an equal q u an tity  of dry methanol was prepared, 
the cool so lu tio n  o f copper n i t r a te  was slowly dripped In to  
the mixed so lven t w ith  constan t s tir r in g *  A deep blue p rec i­
p i ta te  immediately formed*
She so lu tio n  was oooled in  an loe bath  to  increase 
the y ie ld  and then the so lid s  were sepaimted from the solva­
t io n  by rap id  f i l t r a t i o n  using vaouimi* She so lid s  were 
allowed to  suok dry momentarily and then ra p id ly  red lsao lved  
in  the mixed solvent* B e c ry s ta llls a tio n  was accomplished by 
pumping o f f  excess so lven t w ith  the f la s k  in  a w ater bath  a t  
l|.0oC* u n t i l  c r y s ta l l i s a t io n  commenced and then coo ling .
Solids were separated from the liq u o r  as before* Drying was 
then aeocmpllshed by evacuation in  a vaouum desiooato r f o r  2 
days and storage over oonoentrated H2 S0^ u n t i l  ready fo r  use.
A naly tica l $
Copper was determined lodcm etrloa lly  a f t e r  removal of 
exoess pyridine* Pyrid ine was removed by hydro lysis  and 
evaporation  in  the  preaenee of exeeas sodium hydroxide*
V ltra te  was determined w ith  fe rro u s  ammonium su lfa te  
using the procedure of E o ltho ff and Sanda11 aa modified by 
S o o tt* ^  Pyrid ine was removed by the same procedure as fo r  
copper*
Pyrid ine was determined by steam d i s t i l l a t i o n  from 
excess HaOH in to  0*1000 N HC1* The exoess HC1 was then 
determined po tantiem e t r i e  a l ly  w ith  0.1000H Ha OS* Ihe method
was checked and oa l ib r a  tad  using known sam ples.
A n a ly tic a l, found.
%
C6H^ H 65 .6 , 66.1j.» 66.3
HO3  2 2 .7 ,  2 2 .7
Cu 1 1 .2 ,  1 1 .2 ,  1 1 .3
D iia a n a ly s is  y ie ld ed  the  em p irica l formula
Fyr^^^Cu(H 0^>2  suggesting  th a t  the  com position was i n t e r ­
m ediate between two so lv a te  com positions.
Id e n t i f ic a t io n  o f S o lvates P resen t in  th e  System*
She In te r r e la t io n s h ip  between the  so lv a te s  was de­
term ined by the  fo llow ing  procedure.
(a) Two samples o f  the Pyr^ ^CuOfO^Jg com position
were analysed thenaogra v ine t r i o  a l l y  using  a therm al balance
k7described  by K ingston.
Both samples gave a sharp  b reak  a t  a w eight lo s s  of 
about 10.7&  Sample I  gave a second sharp  b reak  a t  39.5£ 
w eight lo s s  and th en  slow ly lo s t  more p y rid in e . The f i n a l  
tem perature was 1 7 i|-0 C. and the  sample was observed to  be 
m olten when withdrawn from the h ea tin g  chamber. Sample I I  
was heated to  U 3°C . and then  allowed to  decompose i s o th s r -  
m ally a t  th a t  tem perature u n t i l  th e  observed r a te  o f w eight 




H e a tin g  r a t e  1 .2 ° C ./ in in .
Sam ple I I  A verage
0 .9 ° C ./m in .
atmosphere n itrogen
% weight lo ss
n itrogen
a t  f i r s t  b r e a k  11*6 9.8 1 0 .7
% w e ig h t lo s s  
seoond b re a k 3 9 .0  






Pyr^ y^Cu(N0 ^ )2  * PyrjjCuCHO^^ + 0.7$ Pyr
weight lo ss  * 1 0 .5  %•
py*‘4.75Cu I^ro3)2 * Pyr2 Gu(N0 ^ )2  + 2.75 Pyr
weight lo ss  * 3 6 .6  %.
Ohis implied th a t  Pyr^CuCNO^g ®nd PyrgCutNO^Jg 
were both so lv a tes  which could be form ulsted fo r  th is  system.
Ho evidence was obtained fo r  the 3 so lv a te . The experim ental
thermograms are shown in  Appendix V, F igures I I  and H I .
(b) A sample of the 4*75 so lvate  was saved fo r  x -ray  
an a ly sis  and the remainder was placed in  a d eslco a to r con­
ta in in g  pyrid ine  a t  2$°C. The sample was allowed to  come to  
equ ilib rium , orushed to  remove lumps and then a l lw e d  to  r e -  
ao lvate fo r  1 hour. The sample was very b r ie f ly  exposed to  
a i r  w hile weighing and analyzed fo r  copper co n ten t.
Formula A nalysis, Caloulated A nalysis, Found
% %
Pyr6Cu(F05 )2  Cu 9.60 9 .63, 9.39
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I t  I s  n o t su rp r is in g  th a t  the  observed percen tages 
a re  somewhat v a r ia b le  because su rface  ad so rp tio n  might be 
expected*
a
(o) A thermogram was run  iso th e rm ally  a t  31*- C» on a 
sample of the  6  s o lv a te . Weight lo s se s  were recorded every 
5  m inutes u n t i l  no more w eight lo s s  occurred f o r  1 . 5  h o u rs .
w eight lo s s  observed «  2 3 . 75^
c a lc u la te d  f o r  Pyr^CutffO^g * Fyrj^CutUO^^ ♦ 2Pyr
w eight lo s s  * 2 3 . 9#
The data did n o t g ive any evidence f o r  th e  5 so lv a te  
rep o rted  by M itra and S inha. A s t r a ig h t  l in e  was obtained  
from about 0#  w eight lo s s  to  about 18% w eight lo s s .  The r a te  
of w eight lo s s  then  decreased smoothly and went to  zero  a t  
23 The observed thermogram Is  g iven  In  Appendix V,
F igure IV.
(d) A la rg e  sample of th e  6  so lv a te  was taken  d ir e o t ly  
from the d e s ic c a to r , weighed and iso th e rm ally  decomposed a t  
3h°C. The w eight lo s s  curve showed th a t  3*9^ of th i s  sample 
was alm ost In s ta n t ly  lo s t  and th a t  th e  r a te  of p y rid in e  lo s s  
went to  ze ro  a t  27«6j6« Assuming 3*93* adsorbed p y r id in e , the  
t r a n s i t io n  from the  6  to  the  k  so lv a te  acoounted f o r  the  
rem aining 23 .7£ . The p u rp le  re s id u e  was analyzed f o r  copper 
con ten t a s  b e fo re .
Formula A nalysis , c a lc u la te d  A nalysis , found
% %
Pyr^Cu(H03 ) 2  Cu 12.61 12.61, 12.68
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(e) A thermogram was run  on the  p roduct from (d ) .  This
osampla was run  in  a i r  a t  110 C. b u t the  tem perature was 
ra is e d  to  1 1 5 ° C. a f t e r  about 3 0 $  decom position and to  1 2 0 ° C. 
a f t e r  about 6 0$ decom position to  In crease  the  r a t e .
w eight lo s s  observed *  3 0 . 8$
c a lc u la te d  f o r  Pyr^CufNO^^ * Pyr2 Cu(N03 ) 2  *
w eight lo ss  * 3 1 . 3 $
S im ila r ly , a la rg e  sample o f the  6  so lv a te  was th e r ­
m ally decomposed In  2  s ta g e s .
w eight lo s s  a t  3l*°C. « 23.9$ (theory  *  23.9$)
T otal w eight lo s s  a t  3l*°C. p lu s
a t  115°C. = 1*7.9$ (theo ry  = 1*8.0$)
The re s id u e  from th i s  decom position was analyzed f o r  copper.
Formula A nalysis , c a lc u la te d  A n aly sis , found
$ $
Pyr2 Cu(N03 ) 2  Cu 1 8 .3 8  18.1*3, 1 8 .3 6
( f )  A sample of the  2 so lv a te  was re so lv a te d  by p lac in g  
In  a p y rid in e  atmosphere a t  25°C. Hhe sample smoothly and 
ra p id ly  so lv a ted  up to  the  I n i t i a l  Pyr^Cu(N0 3 )2 . Some ad­
so rp tio n  was noted bu t th e  adsorbed p y rid in e  was e a s i ly  
removed by c lo s in g  the weighing b o t t l e  whloh held  the  sample, 
g en tly  shaking the  c o n te n ts , and th en  p la c in g  the  b o t t l e  back 
In  the d e s ic c a to r  f o r  1 hour. In sp e c tio n  o f the  w eight In ­
c rease  curve revea led  no evidence f o r  a b reak  corresponding 
to  the  fo n o a tio n  of e i th e r  a 1* o r f> so lv a te  b u t a change in  
c o lo r  from p a le  b lue to  purp le  was noted somewhere between 
th ese  com positions. The f i n a l  p roduct was th e  same c o lo r  as
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the o r ig in a l  6  solvate*
(g) X-ray powder d if f r a c t io n  photographs were taken of 
Pyr6 Cu(N0 3 )2 , Pyr^Cu(N0^ )2 , and PyrgCuCHO^Jg and the sample 
of the 6  so lva te  prepared by re so lv a tlo n  of the 2  solvate*
A ll th ree  com positions gave d is t in c t  and d if fe re n t  powder 
patterns*  In spec tion  of the 2 p a tte rn s  of the  6  so lvate  
in d ica ted  th a t  they were id e n tic a l*  The observed intei>» 
p la n a r spacings and r e la t iv e  in te n s i t i e s  of the powder pa t­
te rn s  of the 3 so lv a tes  are given in  Appendix I I I ,  liable 
XVI.
(h) In fra -re d  mull spectra  were obtained on a l l  th ree  
solvates* A ta b le  of s p e c tra l bands i s  given in  Appendix 
I I I ,  Table XVII.
( 1 ) A s ta r t l in g  s im ila r i ty  was noted between the spec­
trum of the 2 so lvate  and the reported  spectrum fo r  Pyrp—
1*8
Cu( 0CN)2* In an e f f o r t  to  e s ta b l is h  v ib ra tio n s  c h a ra c te r­
i s t i c  of the PyrgCu grouping, a sample of PyrgCuOClOg w*s 
synthesized by the method of Spacu and Creanga . A dom- 
p a risan  o f these  th ree  spectra  i s  given in  Appendix I I I ,
Table XVIII.
D iscussion
From the data assembled i t  i s  very c le a r  th a t  th e re  
are a t  le a se  th ree  pyrid ine contain ing  compounds of anhydrous 
co p p er(II) n i t r a t e .  The d e f in i te ly  e s tab lish ed  compounds ares
Pyr^Cu(lfO^ ) 2  deep blue
Pyr^Cu(H0^)g r ic h  purple
Fyr2 Cu(K0 ^ )2  pa le  blue
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I t  has a lso  bean e s tab lish ed  th a t  the reao tio n s  in ­
volving removal and ad d itio n  of py rid ine  are  rev ers ib le*
The re v e rs ib le  cyole i s  given in  the in s e t  below.
The c o lo r  change observed in  experiment ( f )  (page 1 0 6 ) 
c le a r ly  Ind loatea  th a t  the t r a n s i t io n ,  Pyr2 Cu(H(>3 ) 2  + 2Fyr =
s p e c if ic a lly  te s te d . S im ila rly , the so lv a tio n  o f the lj.,75 so l­
vate  com position in d ica ted  the  r e v e r s ib i l i ty  of the 6-lj. t r a n s i ­
t io n ,  The x -ray  powder d if f r a c t io n  p a tte rn s  of the  th ree  com­
pounds were q u ite  s im ila r  in  o v e ra ll  aspect bu t i t  was noted 
th a t  the  p o s itio n s  and in te n s i t i e s  of in d iv id u a l l in e s  changed 
w ith  com position.
does not n e c e ssa r ily  imply th a t  the  p rocess went d lre o t ly .  
Indeed, I t  was noted th a t  the  process went by two d is t in c t  
s tages which corresponded roughly to  the expected tr a n s i t io n s
Cu(H03 ) 2  + 6Pyr
CH^ OH 25° C
* Pyr6 Cu(H03 ) 2
(Blue O il) 
m elting and 
decomposition (?)
2 5 #c




25° c . \ \  10-1 'mm H 
(Pyr, ) \ \  31*° c .
\ \  ( a i r )




34° C. (P y r,)
? P y r 2 Cu(lf03 ) 2
Pyr^Cu(M03 >2 i s  a lso  re v e rs ib le  even though th is  was no t
The arrow drawn from the 6  so lva te  to  the  2 so lva te
10 9
M i and ip+2« I t  was a as tana d t h a t  th e  b lu e  o i l ,  o b ta in ed  by 
w a it in g  th e  2  s o lv a te ,  in d io a te d  t h a t  an  I r r e v e r s ib le  p ro c e ss  
had occurred  Tor two re a so n s .
m e ltin g  p o in t  c a p i l l a r y  which was sea le d  a t  th e  to p  and co l­
la p sed  to  a p in h o le  a t  th e  bottom . This p in h o le  allow ed th e  
escape o f gas under p re s su re  b u t allow ed no b a th  wax to  e n te r  
th e  c a p i l l a r y .  A v ig o ro u s  stream  o f gas bubb les was observed 
a t  tem p era tu res  above 1 0 0 ° C. and th e  sample m elted  a t  1 6 8 —
72°C. On c o o lin g  th e  b a th  th e  m a te r ia l  s e t  In to  a b lu e , o i ly
omass a t  abou t 1 0 0  C.
s e v e ra l  hours under vacuum, i t  th e  end o f t h i s  tim e some o f 
th e  m a te r ia l  had sublim ed ou t o f  th e  h ea ted  zone o f  th e  tube  
b u t th e re  was a ls o  a n o tic e a b ly  brown c o lo r  In  th e  tu b e .
I t  would be c o n s tru c t iv e ,  a t  t h i s  p o in t ,  to  c o n s id e r  
th e  s o lv a te s  re p o r te d  In  th e  l i t e r a t u r e  b u t n o t found in  
th i s  w ork. These s o lv a te s  a re
i s  p o in ted  o u t in  th e  h i s t o r i c a l  su rv ey , th e  work o f  
M itra  and Sinha I s  open to  s e r io u s  d o u b t.
Ttxe most s e r io u s  o b je c t io n  to  t h e i r  work l i e s  in
A sample o f  th e  k*75> com position  was h ea ted  in  a
A la rg e  sample was su b jec ted  to  h e a tin g  a t  175°C. f o r  
E m p irica l Formula R eference
P y ry C u (N 0 ^ )2
Pyr^C u(F03 ) 2
P y r^ C u d fO ^ g  
M itra  and S l& ha^
M itra and S in h a ^
Bagno and V a la d a ^ , 
P f e i f f e r  and Pimmer.**2
e
t h e i r  o b se rv a tio n  t h a t  "no d a ta  cou ld  be o b ta in ed  above $ 0  C.
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beeaus* the n i t r a te  Ion oxidized the pyridine molecule*. I t  
has been c le a r ly  denonstrated th a t Pyr^Cu(N0 ^ )2  can be heated 
to  110-20°C. in  both a i r  and n itrogen  w ith only a rev e rs ib le  
lo ss  of pyrid ine . I f  any n i t r a te  ion was lo s t  in  the course 
of th is  treatm ent the process would, of n ecess ity , be ir re v e r­
s ib le .
PyryCufNO^)^ was reported  as an unstable solvate
oformed by adsorption a t  30 C. Ihe tab le  of data in  Mitra and 
S lnha 's a r t i c le  shows a constant vapor pressure of 27 mm Hg 
from the ca lcu la ted  composition Pyr^CuCKO^)^ down to 
Pyr^.o^Cu(MO^)2 * Prom th is  data one might expect a formula­
tio n  of a 9  so lv a te , but the reason fo r  form ulating a 7 sol­
vate is  obsoure. Experiments in  th is  laboratory  ind icated  a 
maximum of about 1$ adsorption  of pyrid ine on the 6 solvate 
a t  25°C. I t  i s  in te re s tin g  to  note th a t although the vapor 
pressure was reported  a t  35° C. some o ther work was done a t  
30°C. Die reported vapor pressure of pure pyridine a t  30°C. 
i s  27 mm Hg.
Pyr^Cu(KO^)^-Isothermal decomposition of Pyr6 Cu(N0 3 )2  
a t  3l*°C. gave a p e rfec tly  s tra ig h t l in e  from about 0% weight 
lo ss  up to  18£ . I f  a 5 so lvate ex isted  one would expect i t  
to  show as a change in  slope on the thermogram (about 1 1 . 9^ 
weight lo s s ) .  The large  sample gave a poin t of in f le c tio n  
near th is  composition, but v isu a l observation of the sample 
ind icated  a f a r  more s a tis fa c to ry  explanation than the postts- 
la te  of a 5  so lv a te .
Ihe run was made in  a la rge  boat enclosed in  a g lass
I l l
fu rn ace  and n itro g e n  was slow ly passed  th rough  th e  fu m ae e  
to  remove p y rid in e  v ap o rs . In  th e  course  of th e  ru n  a c o lo r  
change from d ark  b lue  to  p u rp le  was observed . She c o lo r  
change boundary moved down th e  le n g th  o f  th e  b o a t and th e  ob­
served  p o in t o f in f l e c t io n  corresponded w ith  th e  oomplete 
d isappearance  o f b lue  c o lo r  on th e  s u r fa c e . I f  t e r  t h i s  p o in t 
o f in f l e c t i o n  th e re  was s t r a ig h t  l in e  on th e  p lo t  o f w eigh t 
lo s s  v s . tim e u n t i l  n e a r th e  end o f the  ru n . This su g g ests  
th a t  in  th e  i n i t i a l  s ta g e s  o f th e  r e a c t io n  th e  p y rid in e  was 
being  removed from th e  complex on th e  su rface  of the  b o a t 
and th a t  a f t e r  th e  p o in t o f in f l e c t io n  th e  r a te  was c o n tro lle d  
by d if fu s io n  o f p y r id in e  from th e  b u lk  o f  th e  sample to  the  
s u r fa c e . A ll samples showed th i s  type o f in f l e c t i o n  p o in t 
n e a r  th e  beg inn ing  o f th e  decom position , b u t th e  p o in t moved 
toward h ig h e r  w eight lo s s  p ercen tag es  when th e  sample was 
spread ou t in  a la rg e  c o n ta in e r .
Pyr^CutNO^^-Curve j j  g iv es  no in d ic a t io n  o f an i n ­
f l e c t i o n  p o in t between th e  4  and 2 so lv a te  com positions. In  
an o th e r thermogram i t  was found n ecessa ry  to  r a i s e  th e  decom­
p o s i t io n  tem peratu re  from 1 1 0  to  1 1 5  and f i n a l l y  to  1 2 0 ° C. 
because th e  r a te  o f  decom position became very  slow . Ragno 
and Valada re p o rte d  t h e i r  compound to  form from th e  if. so lv a te  
by h e a tin g  f o r  s e v e ra l hours in  a p y rid in e  atm osphere a t  7 0 — 
80°C. P f e i f f e r  and Flmmer p rep ared  a phase of t h i s  composi­
t io n  by p a r t i a l  decom position o f the  fo u r  so lv a te  fo llow ed by 
rep ea ted  r e c r y s t a l l i s a t i o n s .  I t  i s  e v id e n t th a t  th e  r a te  of 
decom position o f th e  If. so lv a te  would be very  slow a t  7<V-80°C.
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and n ig h t ba expected to  be avan slower In  an atmosphara of 
p y rid in e . As a r e s u l t ,  the ra ta  of raa o tlo n  n ig h t appaar to  
go to  zero when, In  r e a l i ty ,  the decom position was proceeding 
a t  a very slow r a te ,  P f e i f f e r  and Plmmer's re p o rt i s  not 
as e a s ily  explained but i t  i s  noted th a t  th e i r  therm al decom­
p o s itio n  did not y ie ld  the 3  so lv a te . B iis would suggest 
th a t  the phase prepared by repeated  r e c r y s ta l l iz a t lo n  might 
be a m ixture , ra th e r  than a s in g le  compound. A study of x— 
ray d if f r a c t io n  p a tte rn s  of the 3 so lvate  prepared by P f e if f e r  
and P la n e r 's  method and comparison w ith  the powder p a tte rn s  
of the 2 and ij. so lv a tes  should reso lve th i s  q u es tio n . (An 
x-ray  powder d if f r a c t io n  p a tte rn  of the 3  so lva te  com position 
prepared by therm al decomposition w i l l  probably no t su ff ic e  
because the therm al decompositions were observed to  proceed 
from the surface down through the bu lk  of the sample. As a 
r e s u l t ,  one would expect a m ixture a t  the half-w ay p o in t in  
the decom position.)
There i s  some evidence po in ting  to  the ex istence  of 
ano ther type of pyrid ine  complex a lso  being p resen t in  the 
so lu tio n  when Pyr^CuCHO^^ is  I n i t i a l l y  prepared. When the 
so lu tio n s  of copper n i t r a te  were p re c ip ita te d  w ith  pyrid ine  
the liq u o r  turned deep b lu e . In  the  course of c ry s ta l l iz a ­
t io n  of the complex by successive cooling and evaporation , i t  
was noted th a t  the so lu tio n  became p ro g ressiv e ly  greener in  
c o lo r . When a l l  of the blue complex was removed a c le a r  green 
so lu tio n  remained. I t  was necessary  to  remove the  remaining 
so lven t com pletely before a green sem io ry sta llin e  o i l  began to
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p r e c ip i t a t e .  At th e  same tim e, aa th e  m a te r ia l  p r e c ip i ta te d ,  
i t  began to  tu rn  brown. S ev era l c r y s ta l s  o f t h i s  g reen  
m a te r ia l  were added to  w a te r . They were com plete ly  decom­
posed w ith  th e  fo rm atio n  o f a brown c ru s t  and an odor o f 
p y r id in e . A q u a l i t a t iv e  t e s t  u sing  a d i lu te  s o lu t io n  o f th e  
reduced copper s o lu t io n  r e s u lte d  in  th e  fo rm atio n  of th i s  
same g reen  s o lu t io n .
E iis  da ta  su g g ests  th a t  th e  g reen  s o lu t io n  i s  caused 
by th e  p resence o f th e  reduced copper in  the  s o lu t io n , b u t i t  
i s  ev id en t th a t  d i f f e r e n t  tech n iq u es  must be developed to  
I s o la te  and examine th e  p ro p e r t ie s  o f th e  m a te r ia l .
P re lim in a ry  S tru c tu ra l  C o n sid e ra tio n s
Any c o n s id e ra tio n  o f th e  s t r u c tu re  o f th e se  complexes 
must be h ig h ly  t e n ta t i v e .  One can draw some co n c lu s io n s , 
however, based on th e  d a ta  assem bled.
The low tem p era tu res  o f t r a n s i t i o n  and th e  r e v e r s i ­
b i l i t y  o f th e  cy c le  suggest th a t  one m ight w e ll be d ea lin g  
w ith  a s e r ie s  o f s o lv a te s  r e la te d  to  each o th e r  in  th e  same 
fa sh io n  as many hydrated  s a l t s  p repared  from aqueous s o lu t io n . 
The f a c t  th a t  two moles o f p y rid in e  a re  e lim in a ted  from the  
system a t  3 4 ° C. and th a t  an o th e r two moles a re  e lim in a ted  a t  
11Q°C. m ight suggest th a t  a l l  fo u r  moles a re  c o n s t i tu t io n a l  
p y rid in e  r a th e r  than  th a t  they  a re  co o rd in a ted  d i r e c t ly  to  
th e  m etal atom (th e  b o il in g  p o in t o f  p y rid in e  i s  115? C .) She 
fo rm atio n  o f so lv a te s  o f t h i s  type i s  f re q u e n tly  encountered , 
e s p e c ia l ly  in  cases  where an i n f i n i t e  c h a in  o r  la y e r  s t r u c tu re
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forms the basic  b u ild in g  b lo ck . For example, the z e o l i te s  
form cage s tru c tu re s  which can accommodate w ater moleoules 
and the  s p i r a l  chains of vario u s p ro te in  m olecules e x h ib it 
the same p ro p e rty . Such a model cannot be considered , how­
ev er, to  the exc lu sion  of o th e r p o s s ib i l i t i e s ,  because a l l  
th ree  compounds can be form ulated in  a simple manner to  give 
r a t io n a l  square p la n a r o r o c tah ed ra l complexes.
S tru c tu ra l s tu d ie s  have been made on sev e ra l com­
pounds which have a form al s im ila r i ty  to  b isp y rid ln eo o p p er(II)  
n i t r a t e .  B isp y rid in eo o p p er(II) b ro m id e^  i s  a d is to r te d  
tra n s—o ctah ed ra l complex w ith  ad jacen t bromine atoms a t  two 
d if f e r e n t  d is ta n c e s . The longer oopper-bromine bonds r e s u l t  
from chain  fo rm ation  along the  c c ry s ta llo g ra p h io  a x is  of the 
s t ru c tu re .  The corresponding oh lo ride  has a very s im ila r  
s t r u c t u r e . ^
I t  should be po in ted  out th a t  both  of these  s tru c tu re s
can a lso  be described as having the  copper atoms in  a s l ig h t ly
d is to r te d  square p la n a r co o rd in a tio n  w ith  two h a lid e  atoms and
two p y rid in e  m olecules. The s tru c tu re s  are  described  as being
tra n s —o ctah ed ra l complexes because the  longer copper h a lid e
o
bond d is tan ce  (3 .05 1  in  the  ch lo rid e )  suggests th a t  th e re  i s  
bonding between the copper and th i s  h a lid e  atom in  a d d itio n  to  
the  bond formed w ith  th e  c lo se r  h a l id e .
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B isp y rld in e c o b a lt( I I )  th iocyanate  has a somewhat 
s im ila r  s tru c tu re  in  which the  c o b a l t- s u lfu r  d is tan ce  i s  
approxim ately th a t  p red ic ted  f o r  io n ic  a t t r a c t io n  and the 
cobaltH oitrogen  bond o f the  th looyanate  grouping i s  c lo se rth a n
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expected fo r  loxt-dlpole In te ra c tio n . P rec is io n  of param eter 
fo r  th i s  s tru c tu re  was n o t g re a t .  Die same authors d e te r ­
mined th a t  the oopper compound Is  isomorphous bu t unfortu­
n a te ly  did no t determ ine I t s  s tru c tu re .
Foxmulatlon of Fy^CuCKO^^ as a square p lan ar oor> 
p lex  leads n eo e ssa rily  to  foxm ulatlon of a n i t r a te  Ion o r a 
covalen t n i t r a to  group. The In fra -re d  sp ec tra  c h a ra c te r is t ic  
of both  these groups has been e s tab lish ed  by Addison and 
O a teh o u se .^  The fundamental frequencies fo r  both  types o f 
n i t r a te  groups are given In  the in s e t  below. The s p e c tra l 
assignments are those employed by Addison and Oatehouse.
K itra te  ion  
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The c h a ra c te r is t ic  of a l l  such n i t r a to - n i t r a te a  I s  strong 
bands a t  frequencies assigned to  v 4, and v 4 .
34Cqpper(U) n i t r a te  (Gu(H0j)2 ) belongs to  the c la s s  
of n i t r a to —n i t r a te s  having I t s  s tro n g es t bands a t  1565-48
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( v * ) ,  1289-6U (*a) 1 0 1 6  ( **a)« I t  ia  noted th a t  both
and 0 0 c u r a t  somewhat h ig h e r  freq u en c ie s  than  normal 
f o r  n i t r a t o - n i t r a t e s .  A c ry s ta l lo g ra p h ic  study  in d ic a te s  
th a t  th i s  s h i f t  can be accounted f o r  by the assum ption th a t  
one h a l f  of the n i t r a t o  groups form chains and th a t  the  o th e r  
h a l f  c ro ss  l in k  between the ch a in s .
I t  i s  ev id en t th a t  i t  m ight w e ll be p o ss ib le  to  
c h a ra c te r iz e  the n i t r a t e  ion  freq u en c ie s  in  PyrgCufWOjJ^ i f  
one can e x t r a c t  the  bands due to  th e  Pyr2Cu p o r tio n  of the 
m olecule . An ex ten siv e  survey of Pyr2MX2 compounds (M * 
m e ta l, X * anion) by Q i l l  and h is  c o w o rk e rs^  in d ic a te s  th a t  
the c h a r a c te r i s t i c  freq u en c ie s  of th e  p y rid in e  p o r tio n  of 
th ese  m olecules i s  only v a ry  s l i g h t ly  a l te r e d  from those in  
uncoordinated  p y r id in e . In  view of the s t a r t l i n g  s im i la r i ty  
of the  n i t r a t e  w ith  th ese  compounds an e x tra c t io n  of th i s  
type was a ttem p ted . R esu lts  of th i s  e x tra c t io n  are  g iven  in  
Table XIV.
The most s t r ik in g  fe a tu re  o f the in f ra —red  spectrum 
of b is p y r ld ln e c o p p e r(I I )  n i t r a t e  i s  the  two a reas  o f s trong  
ab so rp tio n  cen te red  a t  li|.69—83 and 1272—87 cm""*. The only 
two lo g ic a l  assignm ents based on the n i t r a t o - n i t r a t e  model 
are  f o r  the  band a t  H1.6 9 - 8 3  and V^j, f o r  the  band a t  
1272—87. This assignm ent le ad s  to  an immediate d i f f i c u l ty  
because i t  i s  e m p ir ic a lly  noted th a t  I f  a n i t r a t o - n i t r a t e  
shows a 'Vx band a t  around 1290 cm""1, the o th e r  band i s  a l ­
ways found a t  about 1550 cm""1 . (The assignm ent of funda­
m ental fre q u e n c ie s  given on page I 35 I s  taken  from Addison
T ab le XIV
Attempt to  E x tra c t N itra te  F requencies frcm  the In f ra - re d  
Spectrum of B isp y rid in eco p p e r(H ) N itra te
Reported P y rid in e  Compounds53 Pyr2Cu(N0^)2 Residue




i n t . frequency  
in  qbT 1
in te n s i ty  
and share
— 1638 vw * —
6a 1600-04 s 1610 m ah
8b 1568-72 vw 1573 vvw
1515 should « i
1505 should
19a 1484—89 m 1495 should
1483 vs b r • a
1469 vs b r
1451 should •
19b 11*47-49 s 11*48 vs sh
14 1363-83 vw b r 1360 m vbr •
i + 10b 1353 vw * -
1287 vs b r "ft
1272 vs b r ■ft
- 1 2 3 8 - 4 1 vw 1239 should
9s 1217-23 s + 1 2 1 5 m b r
15 1150-52 m + 1153 w b r
Ida 1072-7 s 1070 m sh
12 1038-42 s + 1049 s  yah
1029 m vsh •
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T able XIV c o n t .
53Reported P yrid ine Compounds 
v ib r .  frequency in t .
Pyr2Cu( 
f  re  quency in ten s  i ty
Residue
mode in  ouf1 in  cn^i end shape
1 1015-16 s + 1018 should
1007 m b r at
975 vw should •
5 930-^6 vvw -
885 vw should
807 m vsh *
4 751-67 vs ♦ 760a m vsh
754^ m vsh
735 vw b r at
720 w sh at
11 680-92 vs + 697^ m vsh
686* m vsh
6a 637-41 vs 645 w vsh
Band only appears in  a few compounds
Many compounds show s p l i t t in g  of the bands marked w ith  a + 
bu t no re la t io n s h ip  appears to  e x is t  between s p l i t t i n g  and 
any one s t r u c tu ra l  v a r ia b le .
May be r o ta t io n a l  f in e  s tru c tu re  on the band a t  Kj£3 cmT1 . 
Most prominent bands of the spectrum— very broad compared 
w ith  bands c le a r ly  due to  p y rid in e  v ib ra t io n s .
Bands no t c le a r ly  assignab le  to  p y rid in e .
119
and G a t e h o u s e . I t  la  noted th a t  the assignments fo r  ^rx 
and v 4 are sh if te d  somewhat from the p o s itio n s  a c tu a lly  ob­
served in  many t r a n s i t io n  m etal n i t r a te s .  No explanation  
fo r  th is  discrepancy is  g iven, but i t  i s  believed th a t  the 
fundamental assignments may be ca lcu la ted  frequencies based 
on a covalent n i t r a te  ra d ic a l having no b id en ta te  c h a ra c te r .)  
The follow ing assignments have been made fo r  observed bands
3kin  various n i t r a to - n i t r a te s .
Cu(N03 )2 15U6-65 V4 126 I4.-69 ^ 1
Mn(N03 )2 1553 -v4 129k
Hg(N03 )2 1376
Be40(N03)6 l6i*o -?4 ^ 1 2 4 0
Basic beryllium  n i t r a te  i s  believed to  be the extreme case 
of a covalent n i t r a to - n i t r a te  behaving as a bridging group.
In  th is  case , however, the assignments are  te n ta t iv e . In 
o ther words, i t  can be s ta te d  th a t  i f  the n i t r a te  in  b is— 
pyrid inecopper(II) n i t r a te  was s im ila r  to  the reported  
n i t r a to - n i t r a te s  one would expect the two bands to  be sym­
m e trica l about roughly lij.20 cm”*'1 and i t  is  seen th a t  they 
are symmetrical about 1380 cm"*1 . This suggests th a t the 
moments in  the n i t r a te  p o rtio n  of the molecule are somewhat 
weaker than in  the b inary  n i t r a te s .
This p o s tu la te  i s  open to  te s t in g  because the molecule 
a lso  contains p y rid in e . S p e c if ic a lly , the g re a t s im ila r i ty  
of the in fra —red spec tra  of the b isp y rld in e  m etal complexes 
suggests a s im ila r  e le c tro n  density  over the rin g  system fo r
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a l l  o f  th e s e  co m p lex es .  Such a c o n s t a n t  l e v e l  can  r e s u l t
from  two ty p e s  o f  b o n d in g .  F o rm a tio n  o f  a ^T-bond from  th e
p y r i d i n e  t o  th e  c e n t r a l  m e ta l  atom and back b o n d in g  by  th e
m e ta l  t o  th e  r i n g  c o u ld  p roduce  t h i s  e f f e c t .  The e f f e c t  can
a l s o  a r i s e  from  a d i s p e r s i o n  o r  i n c r e a s e  o f  th e  e l e c t r o n
d e n s i t y  on th e  r i n g  by means o f  th e  c e n t r a l  m e ta l  atom and
th e  o t h e r  l i g a n d s .
e*
O i l l ^  h a s  r e j e c t e d  th e  d i s p e r s i o n  mechanism b ecau se  
a s e r i e s  o f  f l u o b o r a t e  s a l t s  ( i n  w h ich  the  f l u o b o r a t e  io n  
p resu m ab ly  does n o t  s e rv e  a s  a l i g a n d )  gave p y r i d i n e  bands 
i n  a p p ro x im a te ly  th e  same p o s i t i o n s  a s  o b se rv e d  i n  th e  
h a l i d e s  and t h i o c y a n a t e s .  I t  i s  v e r y  u n f o r t u n a t e  t h a t  G i l l  
and h i s  co w o rk ers  d id  n o t  r e c o r d  th e  f r e q u e n c i e s  o f  th e  
t h l o c y a n a t e  and f l u o b o r a t e  io n s  i n  t h e i r  s p e c t r a l  t a b l e s .  A 
c h e c k  o f  th e  i n f r a - r e d  s p e c t r a  o f  b i s p y r i d i n e c o p p e r ( I I )  cya­
ns to  and t h l o c y a n a t e ,  p re p a re d  i n  th e  c o u r s e  o f  t h i s  w ork , 
r e v e a le d  t h a t  th e  CN s t r e t c h  f r e q u e n c y  i n  t h e s e  com plexes 
was s h i f t e d  r e l a t i v e  t o  th e  same v i b r a t i o n  i n  t h e  a l k a l i  
m e ta l  s a l t s .  The s h i f t ,  i f  s i g n i f i c a n t ,  was i n  t h e  o p p o s i t e  
d i r e c t i o n  t o  t h a t  o b se rv e d  i n  th e  n i t r a t e  r e l a t i v e  t o  
c o p p e r ( I I )  n i t r a t e .
As a r e s u l t  o f  th e  c o n s i d e r a t i o n s  above s e v e r a l  p o s s i ­
b i l i t i e s  e x i s t .
(a )  The o v e r a l l  e l e c t r o n  d e n s i t y  on th e  n i t r a t e  io n  h a s  
b e e n  lo w ered  r e l a t i v e  t o  C utN O ^g by d i s p e r s i o n  th ro u g h  th e  
c o p p e r  a tom . T h is  would a p p e a r  t o  be  th e  l i k e l y  e x p l a n a t io n  
f o r  th e  o b se rv e d  sp e c tru m  b u t  would i n d i o a t e  t h a t ,  f o r  th e
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n i t r a t e ,  one m ust em ploy th e  m echanism  r e j e c t e d  by  G t l l l .
(b ) The c o r re sp o n d e n c e  o f  th e  sp e c tru m  o f  th e  n i t r a t e  
and o th e r  s a l t s  i n v e s t i g a t e d  by o th e r  w o rk e rs  i s  p u re  c h a n c e . 
T h is  a p p e a rs  q u i t e  u n l i k e l y .
(c )  The i n i t i a l  a s s ig n m e n ts  f o r  and v *  a r e  i n c o r ­
r e c t .  T h is  i s  a v e ry  r e a l  p o s s i b i l i t y  b u t  le a d s  to  a d i f f i ­
c u l t y  o f  a n o th e r  ty p e .  B ie re  a r e  no  o th e r  a b s o r p t io n  bands
in  th e  r e g io n  b e tw een  lf>00 and 1600 cmT1 w hich  ca n  b e  a s s ig n e d  
t o  th e  -v* b an d . As a r e s u l t  one m u st assum e t h a t  i t  h a s  
become in a c t i v e  o r  e x c e e d in g ly  w eak. T h is  i s  c o n t r a r y  to  a l l  
p r e c e d in g  o b s e r v a t io n s  on n i t r a t o - n i t r a t e s .
(d ) One i s  n o t  d e a l in g  w i th  a n i t r a t o - n i t r a t e  a t  a l l *  
T h is  p o s t u l a t e  i s  v e ry  i n t e r e s t i n g  b e c a u se  i t  i s  c l e a r l y  e v i ­
d e n t  t h a t  one c a n n o t a c c o u n t f o r  th e  i n f r a - r e d  sp ec tru m  on 
th e  b a s i s  o f  an  io n io  n i t r a t e  u n le s s  one assum es t h a t  t h e r e  
a r e  two io n ic  n i t r a t e s  i n  v a s t l y  d i f f e r e n t  e n v iro n m e n ts  in  
th e  m o le c u le .  One m ust th e n  assum e t h a t  th e  re o o rd e d  spec­
trum  i s  n o t  th e  r e s u l t  o f  any  r e p o r te d  fo rm  o f  th e  n i t r a t e  
io n .  A lth o u g h  a b ld e n ta t e  n i t r a t e  io n  in  w h ich  b o th  oxygena 
a re  a t ta c h e d  t o  a s in g l e  m e ta l  atom  i s  a p o s s ib le  fo rm , su ch  
an  a s s ig n m e n t c a n n o t be made on th e  b a s i s  o f  I n f r a - r e d  sp ec­
t r a  a lo n e .
I t  i s  v e ry  e v id e n t  t h a t  e i t h e r  th e  s t r u c t u r e  o f  th e  
compound m ust be d e te rm in e d  by  c r y s t a l l o g r a p h l c  m eans o r  
t h a t  u l t r a - v i o l e t  s p e c t r a  m ust be a t te m p te d  b e f o r e  th e  many 
p o s s i b i l i t i e s  c a n  be e l im in a te d .
L i t t l e  c a n  be s a id  a b o u t th e  s t r u c t u r e s  o f  th e  o th e r
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two com pounds e x c e p t  t h a t  h e x a k i s p y r id in e c o p p e r ( l l )  n i t r a t e  
a p p e a r s  t o  c o n t a in  f r e e  p y r id in e  when m u lle d . T h is  a s s i g n ­
m ent c a n  be made on th e  b a s i s  o f  th e  band a t  1595 cm*"1 and 
s e v e r a l  o t h e r  b an d s  w h ich  a p p e a r  i n  f r e e  p y r id in e  b u t  n o t  
when c o m p le x e d .^  I t  i s  n o t  hnown w h e th e r  any  w e ig h t sh o u ld  
b e  a t ta c h e d  t o  t h i s  o b s e r v a t io n  b e c a u s e  th e r e  i s  a f i n i t e  
p o s s i b i l i t y  t h a t  th e  g r in d in g  n e c e s s a r y  t o  p ro d u ce  th e  m u ll 
cau sed  th e  a p p e a ra n c e  o f  th e  p y r id in e  b a n d s . The g r e a t  
s i m i l a r i t y  o f  th e  s p e c t r a  o f  th e  6 and 4  s o l v a t e s  i n d i c a t e s  
t h a t  t h i s  may h av e  o c c u r r e d .
One f u r t h e r  o b s e r v a t io n  r e q u i r e s  com m ent. I n  th e  
s p e c t r a  o f  th e  two h ig h e r  s o l v a t e s  i t  i s  n o te d  t h a t  s t r o n g ,  
v e ry  b ro a d  b an d s  a p p e a r  a t  1310 and 11(20 era"’1 . I t  i s  n o te d  
t h a t  i n  g o in g  from  th e  Ij. t o  th e  2 s o l v a t e ,  th e  band a t  1310 
cm"1 i s  s p l i t  and s h i f t e d  t o  a lo w e r  f r e q u e n c y  w h ile  th e  
band a t  11(20 cm*"1 i s  s p l i t  and s h i f t e d  t o  a h i g h e r  f r e q u e n c y .  
I f  th e s e  b an d s a r e  a t t r i b u t e d  t o  th e  n i t r a t e  f u n c t i o n  one 
w ould c o n c lu d e  t h a t  th e  e n v iro n m e n t f o r  th e  n i t r a t e  io n  i s  
e s s e n t i a l l y  th e  same f o r  th e  6 and If. s o l v a t e s  b u t  i s  a l t e r e d  
i n  g o in g  from  1|. t o  2 .  I t  i s  n o te d  t h a t  th e  d i r e c t i o n  o f  th e  
s p l i t t i n g  i s  a s  one w ould e x p e c t  f o r  a t r a n s i t i o n  from  a 
n i t r a t o - n i t r a t e  t o  a b r id g in g  n i t r a t e .
C o u p lin g  t h i s  o b s e r v a t io n  w i th  th e  p r e v io u s ly  r e c o rd e d  
o b s e r v a t io n s  one c a n  t e n t a t i v e l y  c o n c lu d e  t h a t  b o th  th e  6 and 
if. s o l v a t e s  c o n t a in  th e  n i t r a t e  g ro u p  i n  th e  same p o s i t i o n .  
S in c e  th e  s t r o n g  b an d s  a t  1310 and 11(20 cm'*1 s u g g e s t  th e  
s p l i t t i n g  i n  a n i t r a t o - n i t r a t e ,  one may a s s i g n  l o g i c a l
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fo rm u la e  s u c h  a s  th e  tw o b e lo w :
t e t r a k l s  p y r i d i n e c o p p e r ( I I )  n i t r a t e ,  a n  o c t a h e d r a l  
co m p lex  c o n t a in i n g  tw o c o v a le n t  n i t r a t o —g r o u p s .
h e x a k i s p y r i d i n e c o p p e r ( I I )  n i t r a t e ,  c o o r d i n a t i o n  t o  
c o p p e r  th e  same a s  i n  t e t r a k i s p y r i d i n e c o p p e r ( I l )  n i t r a t e  
and c o n t a in i n g  tw o m o le c u le s  o f  c r y s t a l  p y r i d i n e .  T h u s, 
th e  fo rm u la  o f  t h i s  com pound s h o u ld  p r o b a b ly  b e  w r i t t e n  
P y r^ C u (NO^) 2 •2 P y r .
The d i r e c t i o n  o f  th e  s p l i t t i n g  o f  th e  tw o m a jo r  
b a n d s  a t t r i b u t a b l e  t o  th e  n i t r a t e  f u n c t i o n  c a n  be  in te x * -  
p r e t e d  on th e  b a s i s  o f  a t r a n s i t i o n  fro m  a c o v a le n t  n l t r a t o -  
g ro u p  t o  a b r i d g i n g  n i t r a t e  s i m i l a r  t o  t h a t  p o s t u l a t e d  by  
A d d iso n  f o r  Be^OCKO^)^.^^ S uch  a p o s t u l a t e  i s  r e a s o n a b le  
b u t  r e q u i r e s  t h a t  th e  o v e r a l l  e l e c t r o n  d e n s i t y  o f  th e  
n i t r a t e  i o n  b e  d i s p e r s e d  th r o u g h  th e  c e n t r a l  c o p p e r  a tc m .
Once a g a i n ,  i t  m u s t b e  em p h as iz ed  t h a t  a l l  corv- 
e l u s i o n s  b a s e d  upon  th e  i n f r a - r e d  s p e c t r a  m u s t b e  c o n s id e r e d  
t o  b e  h i g h l y  t e n t a t i v e  and m u s t a w a i t  a s t r u c t u r e  d e te rm in a ­
t i o n  on a t  l e a s t  tw o o f  th e  com pounds. I t  i s  i n t e r e s t i n g  t o  
n o te  t h a t  a l th o u g h  th e  s t r u c t u r e s  o f  many o f  th e  com plex  
p y r i d i n e  s a l t s  hav§ b e e n  done t h e r e  do n o t  a p p e a r  t o  h a v e  
b e e n  an y  s t r u c t u r e  d e t e r m in a t io n s  on  an y  n i t r a t e s  o r  an y  
t e t r a p y r i d i n e  com pounds.
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APPENDIX I
A ir  L ock A rrangem ent Used In  E x p e rim e n ts  
C a rr ie d  Out U nder T o ta l  R e flu x
A ir  Lock Diagram
To r e f l u x  
system  
(p o t and 




P r i n c i p l e  o f  O p e ra tio n
When h e a t in g  commences, th e  m e th an o l i n  b o t t l e  1 
i s  pushed  I n to  b o t t l e  2 by th e  th e m n a lly  ex p an d in g  g a s s e s  
i n  th e  p o t  and r e f l u x  c o n d e n s e r . When a l l  th e  m e th an o l h as  
b e e n  pushed  from  b o t t l e  1 , e x c e s s  g as  c a n  e scap e  from  b o t t l e  
2 by  f o r c in g  th e  m e th an o l down th e  d ip  tu b e  o f  th e  b o t t l e .  
S m all v a r i a t i o n s  in  p r e s s u r e  in  th e  p o t  and c o n d e n se r  ( u s u a l ly  
ca u sed  by  ch an g es i n  w a te r  te m p e ra tu r e ,  o r  d r a f t s )  c a u se  th e  
c o n te n ts  o f  b o t t l e  2 t o  be draw n up th e  d ip  tu b e  b u t ,  u n le s s  
th e  v a r i a t i o n  i s  l a r g e ,  do n o t  a l lo w  a i r  to  b ack  i n t o  th e  
r a f lu x ln g  sy s tem .
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Die h e i g h t  o f  m e th a n o l r e q u i r e d  i n  th e  2 b o t t l e s  i s  
r a p i d l y  d e te rm in e d  b y  h e a t in g  a q u a n t i t y  o f  m e th a n o l ap p ro x :b - 
ms t e l y  e q u a l  t o  th e  sam ple  I n  w h ich  I t  i s  d e s i r a b l e  t o  ex ­
c lu d e  a i r .  A f t e r  t h e  m e th a n o l ( o r  o th e r  s o lv e n t )  h a s  b o i le d  
v ig o r o u s ly  f o r  a few  m in u te s  th e  h e a t  s o u rc e  i s  rem oved .
Upon c o o l in g ,  th e  c o n te n t s  o f  b o t t l e  2 w i l l  be  draw n b a c k  
th ro u g h  th e  c o n n e c t in g  tu b e  i n t o  b o t t l e  1 .  B ie q u a n t i t y  o f  
m e th a n o l n e c e s s a r y  t o  p r e v e n t  e n t r y  o f  a i r  i s  now a d j u s te d  
by  s im p ly  a d d in g  s u f f i c i e n t  m e th a n o l ,  th ro u g h  th e  s ld e a rm  o f  
b o t t l e  2 , t o  keep  th e  t i p  o f  th e  c o n n e c t in g  arm c o v e re d .  
U s u a l ly  i t  i s  d e s i r a b l e  t o  add a l i t t l e  e x t r a  s o l v e n t  t o  iz>» 
s u r e  t h a t  th e rm a l  v a r i a t i o n s ,  upon  c o o l in g ,  do n o t  d e s t r o y  
th e  s e a l .
A lth o u g h  i t  i s  e v id e n t  t h a t  th e  sy s tem  w i l l  o p e r a te  
u n d e r  a p r e s s u r e  s l i g h t l y  g r e a t e r  th a n  a tm o s p h e r ic ,  t h l a  
ty p e  o f  a i r  lo c k  c a n  o p e r a te  w i th  a s  l i t t l e  a s  2 cm o f  s o l ­
v e n t  h e i g h t  i n  b o t t l e  2 (u n d e r  r e f l u x )  by  a l lo w in g  o n ly  a 
l i t t l e  f r e e  sp a ce  b e tw e e n  th e  b o i l i n g  l i q u i d  and th e  f i r s t  
c o o l in g  lo b e  o f  an  A l l i h n  ty p e  c o n d e n s e r .
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APPJ3KDIX I I  
Symbols used  in  T ab le s
S p e c t r a l  T ab le s  
s *  s t r o n g  
m = medium 
v  = weak
v = v e ry  ( i . e . ,  vw = v e ry  weak)
b r a c k e t  ( 1 )  i n d i c a t e s  a m u l t ip le  
band
b a r  ( / )  I n d ic a te s  a b ro ad  a re a  o f  
a b s o r p t io n
sh  = sh a rp
b r  *  b ro ad
sh o u ld  s= s h o u ld e r




In d ex in g  o f Powder D i f f r a c t io n  P a t te r n  o f  (NH^)2CuF^
l i n e "d" o b s . 0
in  A
Q o b s .+
+
Q c a l c . h k l
in d ex
S
1/1q o b s .
1 6 .6 2 0.0228 0 .0 2 2 8 002 100
2 4*086 0.0599 0 .0600 101 100
3 3.307
++
0 .0914 0 .0912 004 1
4 3.077-1
3 .0 3 6 - '
0 .1058 0 .1056 103 62
5 0 .1 0 8 5 0 .1 0 8 5 110 75
6 2 .255 0 .1 9 6 6 0.1968 105 12
7 2 .207 0 .2 0 5 4 0 .2052 006 12
8 2.145 0 .2 1 7 3 0 .2170 200 28
9 2 .0 4 2 0 .2 3 9 7 0.2398 202 19
10 1 .900 0 .2 7 7 0  , 0 .2770 211 19
11 1 .803 0 .3 0 8 0 0 .3082 204 5
12 1 .785 0 .3 1 3 8 0.3137 116 8
13 1.760 0 .3 2 2 8 0.3227 213 8
14 1 .731 0 .3 3 3 6 0.3336 107 8
15 1 .656 0.3647 0 .3648 008 3
16 1 .5 5 6 0 .4 1 3 1 0 .4138 215 3
17 1 .539 0 .4 2 2 2 0 .4 2 2 2 206 5
18 1.518 0 .4 3 4 0 0.4341 220 5
19 1 .4 7 9 0 .4 5 7 2 0 .4569 222 3
20 1 .4 5 4 0 .4 7 3 0 0.4733 118 3
+ q s  V ’d"*
++ T h is l i n e  som etim es a p p e a rs  a s  a b road  d o u b le t b u t i s  
re s o lv e d  i n to  two l i n e s  u n d er optimum c o n d i t io n s .
■ D eterm ined w ith  c a l ib r a t e d  i n t e n s i t y  s t r i p s
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T e tr a g o n a l  Sym m etry — Many s p a c e  g ro u p s  w ere  p o s s i b l e .
The compound w as a s s ig n e d  t o  
s p a c e  g ro u p  Hi/mmm by  a n a lo g y  
w i th  th e  known s t r u c t u r e  o f
KjjCuF ^ .37
. o
C a lc u la te d  u n i t  c e l l  d im e n s io n s  — a0 *  4*29^  A
c 0 *  13 .21 ; A 
c / a  *  3 - 08^
, . «3C a lc u la te d  vo lum e 2 4 4 .0 A
C a lc u la te d  d e n s i t y  2 .3 9 0 gram/cm®
O b serv ed  d e n s i t y  2 .397  g ram s/cm *
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Table XVI
X-Ray Pow der D i f f r a c t i o n  D ata f o r  Compounds In  th e  P y r i d i n e -
C opper—N i t r a t e  System
P y r6 Cu(N 0^)2 P yr^C u(N 0^)2 P y r2 Cu(N0^)2
'd 11 i n  A I / I o "d "  i n  A .I /In "d" i n  A I / I n
8 .2 5 80 8 .6 7 62 8 .5 0 100
7 .3 3 15 7 .4 6 62 6 .2 2 80
6 .7 6 1 7 .0 4 19 5 .0 9 5o
6 .2 7 15 6 .4 3 31 4 .5 4 5o
5 -5  6 24 5 -4 4 25 4 .3 2 5
5 .0 3 24 4 -7 6 6 4 .0 4 70
4 .7 6 24 4 .2 9 100 3 .8 8 70
4 -5 5 1 4 .1 3 12 3 .6 8 40
4 -4 1 5 3 .9 3 12 3 .5 4 40
4 .2 6 60 3 .7 9 1 3 .0 8 1 8
4 .1 7 100 3 .7 1 1 2 .9 7 2 8
3 .9 0 60 3 .5 5 75 2 .8 5 0 6
3 .6 7 80 3 .5 1 2 2 .7 1 3 15
3 .5 1 5 3 .3 9 6 5 2 .6 4 1 4
3 .2 7 6 5 3 .2 6 2 5 2 .6 1 8 3
3 .1 0 1 40 3 .1 7 4 8 2 .5 5 6 1
2 .9 1 6 15 3 .0 4 2 8 2 .4 9 8 2
2 .8 3 2 5 2 .9 5 0 12 2 .4 5 7 1
2 .7 7 6 10 2 .8 7 1 6 2 .3 9 8 15
2 .7 0 3 15 2 .7 4 4 10 2 .3 3 4 6
2 .5 6 4 1 2 .5 2 9 2 2 .2 9 0 10
2 .4 4 4 1 2 .4 8 7 2 2 .2 0 4 8
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Table XVI c o n t .
P y r6Cu(N03 ) 2 
»d" I n  A I / I o
2 .3 8 6 10
2.314-9 15
2 .3 0 9 1
2 .2 6 1 6
2 .1 2 9 6
2 .0 8 3 6
2 .0 0 3 1*
1 .9 3 6 6
1 .8 6 3 2
1 .7 7 5 2
1.714-9 3
P y r1|Cu(N03 )2 
"d" i n  A I / I o
2 .3 6 1 25
2 .2 3 2 6
2 .2 0 0 2
2.11*6 10
2 .0 6 1 1
2 .0 1 6 2
1.981*. 1*
I.9l}-1 5
1 .9 0 1 1
1.814-7 2
1 .8 ll* 2
1 .7 8 7 2
1.751* 2
1 .7 2 6 2
P y r2 Cu(N03 ) 2 
"d" I n  A I / I q
2 .1 3 9 8
2 .0 9 9 10
2.01*14- 10
1 .9 7 7 1
1.91*14- 2
1 .9 2 1 1
1 .8 9 8 1
1 .8 7 1 2
1 .8 3 9 2
1 .7 9 2 2
1.71*5 5
1 .7 0 3 2
D ete rm in ed  on 5 7 .3  mm d ia m e te r  cam era w i th  F e -K ^  r a d i a t i o n  
u s in g  a m anganese f i l t e r .
A l l  p a t t e r n s  c o n t a in  some v e ry  w eak l i n e s  beyond t h i s  p o in t  
b u t  th e  l i n e s  a r e  q u i t e  d i f f u s e .  P a t t e r n s  c o n ta in e d  no 
b a c k  r e f l e c t i o n  l i n e s  so  an  a v e ra g e  f i lm  s h r in k a g e  c o r r e c t i o n  
b a sed  on 15 o th e r  f i lm s  was em p lo y ed .
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Table XVII
I n f r a - r e d  S p e c tra  o f  th e  P y r id in e c o p p e r ( I I )  N i t r a t e s  
P y r 2 C u (N 0 ^ )2 P y r j jC u (N 0 ^ )2 P y r ^ C u ( N 0 j ) 2
f r e q .  I n t .  shape f r e q . i n t .
1905 vvw
1 760I vvw 
1737'
1620 m v sh
16151 m
1 6 0 8 /  ra
1585 vvw v b r
1502 vw
1490-] w s  b r  1492 vw
U4.7 3 1 w s  b r
f  114-61 s
1456^ vvs b r
vvw
1415-) vvs 
1384} w s  
1367 vvw b r  136ljJ s
1307 vvs
12921 s b r
1280 I s  b r
1 2 4 5 -/ vw s h o u ld .
1235  vvw 
1225 vw
1220 in b r
1210 vw 
1161*1 m
1157 w v b r  1 1 5 5 1 w
1 1 1 ^2 - m
shape f r e a . I n t . shape
3100 vvw v b r
v v b r
v v b r 1760,
m o 1
vvw v v b r
vvsh
vvsh







v sh 1505 vvw sh
v sh 1495 m v sh


















v v b r 1310 vvs b r
sh 1238 vvw sh
sh 1230 vvw sh
12201 w sh
sh 1212/ w sh
v v sh 1162*| in sh<
s h o u ld . 1155 > m sh
sh 1149J m sh
T able XVII cont
Pyr2Cu(N0^)2 Pyr4Cu(N03 )2 Pyr^CufNO^)^






f r e a . i n t . s h ^











1044 vs vsh 1044 vs vsh



















970 vw vbr 967 vw sh 970 vw vbr
935 vvw should . 938 vvw vvbr 935 vvw vbr
917 vvw sh 917 vvw should . 917 vvw should
890 vw b r 890 vw sh 892 vw vbr
845 vw should .

































740 vvw sh 742 8 vvsh
698*1

























should 638 m vvsh 8S> ww shsh
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Table XVIII
I n f r a - r e d  S p e c t r a l  Banda o f  P y r2Cu(X2 ) (X -  OCN, SON, NO3 )
48P y r2Cu(0CN)2 P y r2Cu(SCN)2 P y r2Cu(N03)2
frea_. in t . shaoa f re a . In t. shape fre q . In t. shape
355Ox vw ah - -
2200x vs sh - -
- 2 1 2 0 . vvs vsh -
1605 m sh 1611 m sh 1620 m vsh
1575 . vw sh 1578 vw vbr 1585 vvw vbr
1490 m ah 1495 vw vsh 1490- vs br
- 1473 » vs br
1455 m should. 1453 w vsh 1457. vs br
1445 va sh - -
1370 vw sh 1360 vvw vsh 1367 vvw should
1320i m sh - -
- — 1 2 9 2 *s s b r
- - 1280 s b r
1240 vw sh - 12453 vw should
1 2 2 0 ^ w sh 1220 w vsh 1220 m br
12103 wx - -
1160 w sh 1155 w sh 1157 w b r
1072 3 sh 1072 s sh 1072 m sh
1045 m sh 1043 w vsh 1052 m sh
- - 1033 m sh
1020 w sh 1016 w sh 1020 vw sh
P y r2 Cu(0CN)248
T ab le  X V III c o n t .  





f r e a .  I n t .  shaDe f r e a . i n t . frea ... I n t . shfl£e
- - 1012 m b r
- 970 vw v b r
- 958 vw b r -
940 vw sh 944 vw sh 935% vvw s h o u ld .
917 vvw sh 9 1 7 / vvw sh
b r
s h o u ld .
- 824 vw v sh -
- - 809 m v sh
- - 765 a v sh
760 s v sh 754 m v sh 755 m v sh
698 v s v sh 688 3 v sh 698 m v sh
- - 661*. m v s h
- - 6 4 6 n>- v sh
61j.0 w v sh 637 w v sh 6 4 0 vw sh o u ld
*
A l l  b an d s l i e  on a n  a re a  o f  d i f f u s e  a b s o r p t io n  w h ich  c e n te r s  
a t  a b o u t 970 emTx .
x KOCN and AgOCN show a b s o r p t io n  a t  a b o u t th e s e  f r e q u e n c ie s  
so  I t  I s  l o g i c a l  t o  a s s ig n  them to  OCN v i b r a t i o n s .
a NHlSCN and KSCK show t h e i r  s t r o n g e s t  band n e a r  t h i s  b a n d . 
H ils  band c a n  be a s s ig n e d  to  SCN v i b r a t i o n .
APPENDIX IV
EBULLIOSCOPIC DATA ON 
COPPER NITRATE SOLUTIONS
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Sbullioscopic Data on Copper Nitrate Solutions
S ix  sam ples o f co p p e r n i t r a t e  s o lu t io n  w ere p re p a re d  
















1 8 .095 1 .516 167 .55 0.5007 0.281*1+
2 7 .9 7 9 2 .9 8 9 172 .11 1 .0015 0 .2729
3 8.14.93 6 .622 173 .35 2 .0 8 5 0.2881+
k 8 .1 6 8 17 .008 176 .72 5 .5 6 7 0 .2 7 2 1
5 7 .9 2 2 3 1 .265 1 8 7 .72 10 .5 5 0.21+81+
6 3.9701+ 29.51+1 173 .51 1 9 .8 9 0 .1357
Sam ples were th e n  p la c e d  on a w r i s t  a c t io n  sh a k e r  f o r  
two days to  p re v e n t  th e  fo rm a tio n  o f  lumps in  th e  re s id u e *  
A f te r  two days th e  sam ples w ere s to r e d  f o r  an  a d d i t io n a l  16 
days i n  a d a rk  c a b in e t  and shaken  tw ice  each  day f o r  a b o u t 
f i v e  m in u te s .
Die s o lu t io n s  w ere w ithd raw n  from  th e  suspended  s o l i d s  
by  p lp e t  and th e  b o i l i n g  p o in t  e l e v a t io n  was d e te rm in ed  r e l a ­
t i v e  to  a sam ple o f  th e  s o lv e n t  used  f o r  p r e p a r a t io n .  B aro­
m e tr ic  c o r r e c t io n  was made by ru n n in g  th e  p r e p a r a t iv e  s o lv e n t  
a t  th e  same tim e in  a second C o t t r e l l  S bulH om eter. B oth  
sam ples w ere p r o te c te d  from  w a te r  by  means o f  a l a r g e  to w er 
f i l l e d  w ith  c o a rs e  s i l i c a  g e l .  Sample 1+ was shaken  f o r  one 
h o u r im m ed ia te ly  b e fo re  u s e .
A f te r  th e  b o i l i n g  p o in t  e l e v a t io n  was d e te rm in ed  th e
138
r e s id u e s  were s e p a ra te d  from  th e  s o lu t io n  on prew eighed 
s in te r e d  g la s s  c r u c i b l e s .  The p u re  s o lu t io n s  were p re se rv e d  
i n t a c t  and th e n  th e  r e s id u e s  w ere washed 10 tim es  w ith  30 ral 
p o r t io n s  of th e  p r e p a r a t iv e  a lc o h o l .  R esidues w ere d r ie d  and 
weighed and th e  s to ic h io m e try  d e term in ed  as p re v io u s ly .  S o lu -  
t io n s  w ere an a ly zed  f o r  co p p er c o n te n t to  check  th e  i n t e r n a l  
c o n s is te n c y  o f  th e  s to ic h io m e try .  R e s u lts  a re  g iv e n  in  th e  
ta b le  below . I t  was n o ted  th a t  sam ple 1 c o n ta in e d  some ex­
c e s s  s i l v e r  n i t r a t e  so  t h i s  sam ple was n o t in c lu d ed  in  th e  








++ T h is sam ple f ro th e d  b a d ly . M o lecu la r w e ig h t co u ld  be
h ig h  due to  s u p e rh e a tin g  o f s o lu t io n .
A ll sam ples w ere t e s te d  f o r  s i l v e r .  No s i l v e r  was p r e s e n t .
Table XIX
S b u ll io s c o p ic  D ata and S to ic h io m e try  in  
Copper N i t r a te  S o lu tio n s
b o i l in g
p o in t
e le v a t io n











s to ic h io m e try  















m o le c u la r  
w e ig h t in  







Sam ple Ij. M o le c u la r  W e ig h t C a l c u l a t i o n
I n i t i a l  w e ig h t  AgNOo 8 .1 6 8 0  gram a
n w NO^ 2.9813 gram a — assum e a l l
p r e s e n t  I n  
s o l u t i o n .
W eig h t o f  r e s i d u e  2 0 ./ |7 3 4  g ram s
W e ig h t Ag i n  r e s i d u e  — 5 .1 8 6 7  ■
th e n  w e ig h t  Cu I n  r e s i d u e  1 5 .2 8 6 7  "
I n i t i a l  w e ig h t  o f  c o p p e r  17>0080 n
Assume t h a t  th e  d i f f e r e n c e  i n  w e ig h t  i s  due  t o  d i s s o l v e d  
c o p p e r :
w e ig h t  Cu d i s s o l v e d  1 .7 2 1 3  g ram s
+ w e ig h t  NO3 I n  s o l , n  2.9813 "
Then t o t a l  w e ig h t  o f  d i s s o l v e d
m a t e r i a l  s  I4..7026 g ram s I n  1 7 6 .7 2
g ram s o f  m e th a n o l .
T hus i n  1000  g ram s o f  m e th a n o l  we w ou ld  h a v e  
o t l7 § 7 2  “  2 6 *61 Sra m a '
_ o
The e b u l l i o s c o p l c  c o n s t a n t  f o r  m e th a n o l  i s  0 .8 3 0  C. f o r  a
one m o la l  s o l u t i o n .  B a ro m e tr ic  c o r r e c t i o n  f o r  d e v i a t i o n  fro m
s ta n d a r d  p r e s s u r e  i s  v e r y  s m a l l  and  a l l  r u n s  w e re  d e te rm in e d
a t  755  mm Hg.
B o i l i n g  p o i n t  e l e v a t i o n  *  0 .1 6 5 5 ° C .
Thus t h e  m o l a l i t y  o f  t h e  d i s s o l v e d  s a l t  I s  0 .1 9 9 ^ .
and  th e  m o le c u la r  w e ig h t  i s  2 6 .6 1  _
0.1991|- ~
The a s s u m p tio n  w as made t h a t  th e  n i t r a t e  w as a l l  
p r e s e n t  I n  t h e  s o l u t i o n  i n  o r d e r  t o  make m o le c u la r  w e ig h t  






















FIGURE I I  
T herm al D e c o m p o s itio n  o f
p7 IV 7 5 Cu(1,03>2 
(H e a tin g  R a te  = 1 . 2 ° C /ra in .)
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a t  33 C
R ate o f  d ec o m p o sitio n  
* 0 ^ /h o u r  a t
23. i i
w e ig h t l o s s
.  .  I I I l l l ,1
40 80 120 160 200 1|.0 80 320 60 400 to  80 520 60 600 80 720 760 600
Time in  M inu tes
■f=-u>
BIBLIOGRAPHY
P . Eck de S u l tz b a c h ,  " C la v is  P h ilo so p h o ru m " , 1489 . As 
re c o rd e d  in  J .  W. M e llo r ,  "A C om prehensive T r e a t i s e  on 
In o rg a n ic  and T h e o r e t i c a l  C h e m is try " , Longm ans, G reen  
and C o ., L o n d o n ,1923,. V o l. 3 , p .  3 1 9 .
J .  B. P o r t a ,  "M agia N a t u r a l i s " ,  N a p le s , 1 558 . As r e ­
co rd ed  in  J .  W. M e llo r ,  "A C om prehensive T r e a t i s e  on 
In o rg a n ic  and T h e o r e t i c a l  C h e m is try " , Longm ans, G reen  
and C o ., L ondon, 1923 , V o l. 3 , P» 3 1 9 .
R. Punk, B e r . d e u t .  chem. G e s . ,  3 2 , 96 (1 8 9 9 ) .
R. Funk, Z . a n o rg . Cham ., 2<>, l±0o (1 8 9 9 ) .
C. C. A dd ison  and B . J .  H athaw ay, J .  Chem. S o c . ,  
llj.68 (I960).
C. C. A dd ison  and A. W a lk er, J .  Chem. S o c . ,  1220 (1 9 6 3 ) .
B. 0 . F ie ld  and C. J .  H ard y , P r o c . Chem. S o c . ,  11 (1963)
J .  R. F e r r a r o  and G. G ib so n , J .  Am. Chem. S o c . ,
21, 5747 (1952).
G. G ib so n  and J .  J .  K a tz , J .  Am. Chem. S o c . ,
2 1 ,  5436 (1951).
C. C. A dd ison  and J .  L e w is , J .  Chem. S o c . ,  2833 (1 9 5 D *
N. W. F i s c h e r ,  "D as V e r h a l t n i s s  d e r  ch em isch en  Verwand—  
s c h a f t  z u r  g a lv a n is o h e n  E l e c t r l o i t a t ,  i n  V ersu ch en  
d a r g e s t e l l t " ,  B e r l i n ,  1 8 3 0 . As r e c o rd e d  in  J .  W. M e llo r  
"A C om prehensive T r e a t i s e  on In o rg a n ic  and T h e o r e t i c a l  
C h e m is try " , Longm ans, G reen  and C o ., L ondon, 1923 , V o l. 
p .  3 1 9 .
A. G untz and F . M a r t in ,  B u l l .  S o c . C h im ., ( 4 ) ,
I ,  313 (1910).
H. H. M organ, J.C hem . S o c . ,  1 2 3 . 2901 (1 9 2 3 ) .
l 45
1 3 . L . B lrc k e n b a c h , J .  O oubeau and E . B e r n ln g e r ,  B a r .  d e u t .  
chem . G e s . ,  65B . 1339 (1 9 3 2 ) .
L . B lrc k e n b a c h  and J .  O oubeau , B a r .  d e u t .  chain. G e s . ,
66B . 1280 (1 9 3 3 ) .
L . B lrc k e n b a c h  and J .  G oubeau , B a r .  d e u t .  chem . G a s . ,
67B . 1420 (1 9 3 4 ) .
M. I .  U shakov , V. 0 .  C h r i s to v  and N. D. Z e l i n s k i i ,
B a r .  d e u t .  chem . G a s . ,  68B. 824 (1 9 3 5 ) .
1 4 . N. V . S id g w ic k , n The C h em ica l E le m e n ts  and t h a l r  Coifr-
p o u n d s” , O xford  U n iv . P r e s s ,  L ondon , 1 9 5 0 , V o l. 1 ,
p p . 1 3 5 -6 .
15* L . P a u l in g  and L . 0 . B rockw ay, J .  Am. Cham. S o c . ,
£ 2 ,  13 (1 9 3 7 ) .
1 6 . " In d e x  t o  th e  X—r a y  P ow der D ata  P i l e ” , A m er. S o c . f o r  
T a s t in g  M a t e r i a l s ,  P h i l a d e l p h i a ,  S p e c i a l  T ech . B u l l .
4 8 - 1 ,  (1 9 6 1 ) .
1 7 . A. P . W e lls ,  " S t r u c t u r a l  I n o rg a n ic C h e m is t ry " ,  O xford  
U n iv . P r e s s ,  L ondon , 3 rd  E d . ,  1 9 6 2 , p p . 336—7 .
1 8 . A. J .  M ajum dar and R. R oy, J .  P h y s . C hem ., 6 £ , 1858 (1 9 5 9 ) .
1 9 . A. S e i d e l l ,  " S o l u b i l i t i e s  o f  I n o rg a n ic  and M e ta l O rg an ic
Com pounds", Van N o a tra n d  C o ., New Y o rk , N. Y . , 3 rd  E d . ,
1 9 4 0 , V o l. 1 , p p . 1 4 4 2 -5 4 .
2 0 . F . A. C o tto n  and G. W ilk in s o n , "A dvanced I n o rg a n ic  C h es^  
i s t r y " ,  I n t e r s c i e n c e  P u b l . ,  New Y o rk , N. Y . , 1 9 6 2 ,
pp. 457-8.
2 1 . K. A n d e rso n , E . S . B e t t i s  and D. R e v in so n , A n a l. Chem .,
2 2 , 743 (1 9 5 0 ) .
2 2 . V. E . P a v lo v  and S . D. She i n ,  J .  R u ss . P h y s .—Chem. S o c . ,
1 %  943 (1 9 0 8 ) .  As r e p o r t e d  i n  C. A . ,  2 ,  772* (1 9 0 8 ) .
2 3 . N. V. S ld g w lc k , "The C h em ica l E le m e n ts  and  t h e i r  Com­
p o u n d s " , O xford  U n iv . P r e s s ,  L o n d o n , 1 9 5 0 , V o l. 2 ,  p .  1 1 4 6 .
24 . A . W e is s b e rg e r ,  E . S . P r o s k a u e r ,  J .  A. R id d ic k  and  B . B . 
T o o p s, J r . ,  "T e c h n iq u e  o f  O rg an io  C h e m is t ry " ,  I n t e r s c i e n c e  
P u b l . ,  New Y o rk , N. Y . , 2nd E d . ,  1 9 5 5 , V o l. 7 ,  p .  334-
2 5 . A. S . B a k e r  and H. M. H a e n d le r ,  I n o r g .  C hem .,
1 ,  127 ( 1 9 6 2 ) .
146
26 . a .  W. A. Kahlbaum, K. Roth and P . S e id le r ,  Z. an o rg .
Chem., 22 , 223 (1 9 0 2 ).
27 . H. M. H aen d le r , P . A. Johnson and D. S . C ro ck e t, J .  Am. 
Chem. S o c .,  8£ , 2662 (1958)*
2 8 . I .  M. K o lth o f f  and E .5 . S a n d e l l ,  "Textbook o f Q uan ti­
t a t i v e  In o rg a n ic  A n a ly s is " , M acm illan  C o ., New Y ork,
N. Y ., 3rd  E d .,  1952, p p . 600-03-
2 9 . D. S . C ro ck e t, Ph. D. T h e s is , U niv. o f New H am pshire,
1959.
30 . I .  M. K o lth o f f  and E . B. S a n d e l l ,  "T extbook o f Q u an ti­
t a t i v e  In o rg a n ic  A n a ly s is " ,  M acm illan  C o ., New Y ork,
N. Y ., 3 rd  E d . ,  1952, p . 536 .
31 . W. W .S co tt, "S tan d a rd  Methods o f Chem ical A n a ly s is " ,
Van N ostrand  C o ., New Y ork, N. Y . , 5 th  E d ., 1939,
V o l. 1 , p . 14.05.
32 . J .  B. S en d eren s , B u l l .  Soc. Chim ., ( 3 ) ,  IX, 271 (1897) .
As re p o r te d  i n  Chem. Z e n t r . ,  793 (1 8 9 7 ).
33* M. A. S h te m  and G. N. G o re lik ,  L akokrasochnye M a te r la ly  1 
ik h  P rim e n e n ie , I9 6 0 . No. 2 , 5 0 . As re p o r te d  in  C. A .,
5 k ,  25877g (196oT T
3 4 . C. 0 . A ddison and B. M. G atehouse , J .  Chem. S o c .,
613, (I960).
3 5 . S . A h rlan d , J .  C h a tt and N. R. D av ie s , Q u a r t. R ev .(L ondon), 
12 , 265 (1 9 5 8 ).
36 . "F ree  R a d ic a ls  in  In o rg a n ic  C h em istry " , Amer. Chem. S o c ., 
W ash ing ton , D .C ., Monograph 36, 1962, p p . 138-41 .
3 7 . K. Knox, J .  Chem. P h y s .,  JO , 991 (1 9 5 9 ).
3 8 . A .J .  Edwards and R. D. P eacock , J .  Chem. S o c .,  4126 (1 9 5 9 ).
3 9 . T. C. W addingtcn, J .  Chem. S o c .,  4340 (1 9 5 8 ).
4 0 . M. B o t t j e r  and H. M. H aen d le r , A pplied  O p tic s , 1 , 772 
(1962).
J+l• H. G rossm an, B e r. d e u t .  chem. G e s .,  JX , 1253 (1 9 0 4 ).
4 2 . P. P f e i f f e r  and V. Pimmer, Z . a n o rg . Chem., J±8, 98 (1 9 0 6 ).
43- Ameras and T a m is ie r , Compt. r e n d . ,  191. 99 (1 9 3 0 ). As 
r e p o r te d  in  C. A ., 2g ,  55787 (1 9 3 0 ).
147
. M. Ragno and L . V a la d a , G azz . chem . i t a l . ,  6 £ , 686
(1935TV
45* N. 3 .  M itra  and F .  C. S in h a ,  J .  I n d ia n  Chem. S o c . ,
2 1 , 29 (1 9 5 0 ) .
4 6 . W. V. S c o t t ,  " S ta n d a rd  M ethods o f  C h em ica l A n a ly s i s ” ,
Van N o s tra n d  C o ., New Y o rk , N. Y . , 5 t h  E d . ,  1 9 3 9 ,
V o l. 1 , p .  61|4*
4 7 . D. W .K in g s to n , M. S . T h e s i s ,  TJniv. o f  New H am p sh ire ,
I9 6 0 .
lj.8. L . L e v i  and C. E . Hub l e y ,  A n a l.  C hem ., 2 8 , 1591 (1 9 5 6 ) .
i+9- 3 .  S p acu  and C. C re a n g a , B u i .  s o c .  s t i i n t e  C lu j ,
2 ,  105 (1 9 2 4 ) • AS r e p o r t e d  i n  C. A .,  1 2 , 2 l 8 l  (1 9 2 5 ) .
5 0 . V. K u p c ik  and  S . D u ro v lc , C z e c h o s lo v . J .  P h y s . ,
i g ,  182 ( I 9 6 0 ) .  As r e p o r t e d  i n  C. A . ,  £ £ ,  3 l5 0 g (1 9 6 1 ) .
5 1 . J .  D. D u n i tz ,  A c ta  C r y s t . ,  ]j0, 307 (1 9 5 7 ) .
5 2 . M. A. P o r a i—K o s h i ts  and 3 .  N. T is c h e n k o , K r i s t a l l o -  
g r a f i y a ,  i t ,  239 (1 9 5 9 ) .
5 3 . N. S . 3 1 1 1 , R. H. N u t t a l l ,  D. E . S c a i f i  and D. V. A. 
S h a rp , J .  I n o r g .  N u c l. C hem ., 79  (1 9 6 1 ) .
54. C .C .A d d iso n , " P h y s ic a l  and C h em ica l P r o p e r t i e s  o f  
A nhydrous N i t r a t e s  o f  th e  T r a n s i t i o n  M e ta ls ” , A. S . T.
I .  A .,  1 9 6 1 , R e p o r t No. AD 2 6 1 382 , p .  5 .
